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The limited information available on non aqueous drug delivery systems warrants more in 
depth study on the structural properties of one such system comprising of ethyl cellulose (EC) 
and a non aqueous solvent, propylene glycol dicaprylate (PGD).  
The working protocol included small-deformation dynamic oscillation in combination with 
the principle of time–temperature superposition, micro and modulated differential scanning 
calorimetry, light microscopy, wide-angle X-ray diffraction patterns, infrared spectroscopy, 
optical profile analysis in the form of gel particle roughness and 
2
H-NMR spectroscopy. 
The first part of this work focuses on the effect of time and temperature on the structural 
properties of the non aqueous EC system. It was seen that when PGD was mixed with EC, 
gels that revert to the solution state with increasing temperature were formed which is in 
contrast with the thermogelation seen for EC / water solutions. Time effects were also 
probed; the continuous increase in viscoelasticity of preparations as a function of time of 
observation at ambient temperature was accompanied by structural disintegration of the 
polymeric particles. This was rationalized by proposing that specific polymer–solvent 
interactions result with aging in particle erosion and the release of polymeric strands that are 
able to form a three-dimensional structure. 
The next part of this work focuses on the effect of moisture on the structural properties of the 
gel system. Although designed to be a non-aqueous vehicle for moisture sensitive drugs, 
EC/PGD systems are expected to experience an aqueous environment during production, 
storage and application on the skin. Hence, the interaction of water with the non aqueous gel 
system and its distribution within the gel network is of great interest and critical to its 
application.  Rheological profiles of the gels containing moisture (0.5 to 45.0 % w/w) 
deviated considerably from that of the non aqueous system at levels of water above 10.0 % in 
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preparations. Gradual replacement of the dipole interactions between polymer and solvent 
with stronger intramolecular hydrogen bonding within the EC chains as the level of hydration 
increased was behind these observations. X-ray diffraction patterns showed that the 
rearrangement of the polymer chains led to the loss of the cholesteric liquid crystalline 
structures found in the anhydrous gel. DSC and 
2
H-NMR studies shed light on the state of 
added water in the gels. Plots of enthalpy obtained calorimetrically and a good correlation 
between DSC and 
2
H-NMR data indicate that gels with less than two percent hydration 
contain water in a non-freezable bound state, whereas freezable moieties are obtained at 
levels of hydration above five percent in composite gels.    
The last part of this work focuses on the effect of polymer molecular weight on the structural 
properties of the system. Previous studies show that polymer chain length plays a significant 
role in the mechanical and viscoelastic properties of gel systems. This compelled us to 
investigate the effect of polymer chain length on gelation and thermal properties of the gel 
system. The frequency sweep data of the heated gels show that the higher molecular weight 
gels show good rheological properties for the intended use of the system. The Winters and 
Chambon method was used to determine the gel point of the gels of different molecular 
weight and concentration. In addition, the critical exponent and the fractal dimension of the 
gels were determined. The critical exponent values were found to be between 0.45 to 0.38 
whereas the fractal dimension values were found to be consistent over the range of molecular 
weights tested and the value suggests the formation of a compact homogenous network. 
Material characterization by X ray diffraction studies and ATR FTIR reflected the changes in 
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Equation 1.1 G* = (G'
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+ G˝2) ½ 9 
 















Equation 1.4 Dp = λ1 /2π (sin
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1.1 DRUG DELIVERY 
 
A drug delivery system is defined as a formulation or a device that enables the introduction of 
a therapeutic substance in the body and improves its efficacy and safety by controlling the 
rate, time, and place of release of drugs in the body. This process includes the administration 
of the therapeutic product, the release of the active ingredients by the product, and the 
subsequent transport of the active ingredients across the biological membranes to the site of 
action (Jain, 2008). For drugs, delivery systems offer opportunities for maintaining the native 
conformation and limiting aggregation, thereby reducing problems related to loss or alteration 
of biological effect of such drugs. Delivery systems may also provide a range of other 
advantages, including protection from drug hydrolysis and other types of chemical and 
enzymatic degradation, reduction of toxicity, controlled drug release rate, and improvement 
of drug bioavailability (Malmsten, Bysell, & Hansson, 2010). There are several different 
routes through which drug delivery can be achieved, the most common being via the oral 
route. However, drug delivery has been successfully achieved via other routes such as 
injections, mucosal (vaginal, nasal, buccal), inhalation and through the skin (topical and 
transdermal delivery). Since the focus of this thesis is the characterization of a system meant 






1.2 THE SKIN 
 
 
The skin is the largest organ of the human body. It represents the outermost physical barrier 
between the body and the surrounding environment. It protects us against external 
mechanical impacts, ultraviolet radiation, dehydration, and microorganisms. The skin 
consists of three main layers: epidermis, dermis, and subcutaneous fat tissue. The epidermis 
is the outermost layer of the skin. The human epidermis varies in thickness from 50 to 
150μm. The barrier function of the skin is located in the upper 15–20 μm, the stratum 
corneum. This layer consists of rigid, desmosome-linked epithelial cells, known as 
corneocytes, embedded in a highly organized lamellar structure formed by intercellular lipids. 
The unique arrangement of this layer results in a practically impermeable barrier which 
reduces the passage of molecules, especially those larger than 500 Da. The dermis also 
contains blood vessels, lymph vessels, nerves and an abundant level of collagen fibers. This 
skin layer is the major site of cellular and fluid exchanges between the skin and the blood and 
lymphatic networks. Beneath the dermis lays the subcutaneous fat tissue, an assembly of 
adipocytes linked by collagen fibers. It forms a thermal barrier, but also stores energy and 
functions as a mechanical cushion for the body (Bal, Ding, Riet, Jiskoot, & Bouwstra, 2010). 
Although the skin’s barrier properties hinder its complete exploitation as a drug delivery site, 
it still holds immense potential since it’s the largest organ in the human body. 
 
1.3 TOPICAL DRUG DELIVERY 
 
Topical formulations are placed on the skin to deliver drugs to the local tissues directly under 
the application site or within tissues under or around the site of application. They are intended 
to treat cutaneous disorders. Topical formulations are advantageous because of the fact that 
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they can achieve high local tissue drug levels. Most topical delivery systems target mucosal 
surfaces and skin related bacterial or fungal infections. Pharmacological agents applied to the 
surface of the skin in the form of creams, lotions, ointments, gels or sprays readily penetrate 
the stratum cornium to kill the fungi or bacteria (fungicidal/bactericidal agents), or at least 
render them unable to grow or divide (fungistatic/bacteriostatic agents) (Kaur & Kakkar, 
2010). 
 
1.4 TRANSDERMAL DRUG DELIVERY 
 
Transdermal drug delivery involves the continuous administration of therapeutic molecules 
through the skin into the systemic circulation of the body. Most of the available transdermal 
drug delivery systems rely on the diffusive properties of the drug through the skin in order to 
establish constant plasma levels of the drug (Brown & Langer, 1988). The drugs used in these 
delivery systems should typically be low molecular weight, lipophilic and efficacious at low 
doses. The most common transdermal drug delivery system is the transdermal patch which 
has the highest success rate in the market due to patient acceptance and significant advances 
in patch technology (Prausnitz & Langer, 2008). 
 
1.5 MERITS AND DISADVANTAGES OF DERMAL DELIVERY 
 
Topical therapy lends itself to self-administration. Furthermore, the excellent levels of patient 
compliance and absence of systemic adverse effects since exposure to the drug is limited to 
the affected skin area makes it an attractive approach for treating localized infections (Robert 
& Kalia, 2006). This localized approach also ensures a more efficient delivery as a smaller 
amount of drug is wasted or lost elsewhere in the body as compared to systemic delivery. 
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Most adverse events following topical drug application are skin reactions at the application 
site, which are mild and transient (Gupta, Chow, Daniel, & Aly, 2003). 
Transdermal delivery provides a leading edge over injectables and oral routes by increasing 
patient compliance and avoiding first pass metabolism respectively. Transdermal delivery not 
only provides controlled, constant administration of the drug, but also allows continuous 
input of drugs with short biological half-lives and eliminates pulsed entry into systemic 
circulation, which often causes undesirable side effects (Kumar, Pullakandam, Prabu, & 
Gopal, 2010).  However, the transdermal route of administration is unsuitable for drugs that 
irritate or sensitize the skin. It is evident, moreover, that only relatively potent agents are 
suitable candidates for transdermal delivery because of limits to drug entry imposed by the 




A gel is built mostly of liquid, yet it behaves as a solid or semisolid because the three 
dimensional crosslinked network formed by gelator molecules absorbs a large amount of 
solvent within the inter-space of the network (Suzaki, Taira & Osakada, 2011). 
The specific process leading to the formation of the gelling matrix depends on the 
physicochemical properties of gel components and their resulting interactions. Gels can be 
classified based on the nature of solvents used, the gelator molecules involved and on the 
nature of the intermolecular interactions present in the gel system. Using the first criteria of 
gel classification mentioned, gels can be classified as hydrogels and organogels. Hydrogels 
have water as the predominant continuous phase and because of their high water content, they 
offer excellent biocompatibility (Truong, Su, Meijer, Thordarson, & Braet, 2011). This has 
led to a plethora of studies on hydrogels, compared to organogels where the continuous phase 
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is an organic solvent, which poses problems for their use in biomedical applications due to 
solvent toxicity issues. Gels can also be divided based on the nature of the gelator molecules 
into polymeric gelators and low molecular weight gelators which self assemble and the 
formation of over lapping aggregates induce solvent gelation (Vintiloiu & Leroux, 2008). 
Since this thesis deals with a polymer based organogel, further focus shall be on polymer 
based organogels. Polymer based organogels can be further subdivided into physical and 
chemical gels. Chemical gels arise when strong covalent bonds hold the network together and 
physical gels when the hydrogen bonds and electrostatic and van der Waals interactions 
maintain the gel network (Jibry, Heenan, & Murdan, 2004). 
 
1.7 NON AQUEOUS GEL 
 
In aqueous solutions almost all of the drugs are subject to some form of chemical degradation 
and, frequently, the therapeutic activity is impaired by the drug instability. The most common 
consequence of the drug’s degradation is the loss of potency but in some cases harmful 
degradation products may be formed. For example, it is well known that allergy is, in many 
cases, due to drug degradation products rather than to the drug itself (Loukas, Vraka, & 
Gregoriadis, 1998). The availability of a substantial number of topically useful but moisture-
sensitive drugs in the market calls for more research in the formulation of suitable vehicles 
that can ensure drug stability. One such system was developed by Heng et al, (2005) 
comprising of ethyl cellulose (EC) and propylene glycol dicaprylate/ dicaprate (PGD).  The 
non-aqueous lipophilic gel system was found to be superior to its hydrophilic counterparts in 




The possibility of EC gels to spread on the skin ensured the ease of gel application and the 
prominent sustained release behavior of the EC gel and its high antibacterial efficacy 
indicated a potential application in topical antibacterial therapy that required long term and 
sustained drug delivery. Hence this thesis focuses on an in depth study of this particular 
system which has shown great promise for topical anti baceterial therapy. 
 
1.8 ETHYL CELLULOSE 
 
Cellulose derivatives have attracted considerable attention in the pharmaceutical industry 
during the past decade. Among them, EC has garnered considerable attention since its has a 
plethora of applications such as a binder , dispersing agent, stabilizer, water conserving agent 
in many kinds of medical applications. It is also widely used as a coating film in 
pharmaceutical applications. However, its use in the formulation of non aqueous gels remains 
largely unexplored. EC is an infirmly polar and water insoluble polymer. The main chain of 
EC comprises of anhydroglucose units linked by 1,4-β- glucosidic bonds. Generally the OH 
functional groups are available for ester and ether reactions (Figure 1.1). The repeat group 
can also form inter and intra molecular hydrogen bonds which restricts the motion of the 
polymer backbone resulting in a material that is highly oriented and crystalline. (Li & 
McHugh, 2004 ; Shi, Li, & Zhang, 2008 ; Sakellariou, & Rowe, 1995). 
 
1.9 PROPYLENE GLYCOL DICAPRYLATE / DICAPRATE 
 
The Propylene Glycol Dicaprylate family of ingredients includes several esters and diesters 
of Propylene Glycol and fatty acids. These ingredients are used in cosmetic formulations as 
skin conditioning agents, viscosity increasing agents, and surfactants and are regarded as safe 
for cosmetic use.Available data also indicate that Propylene Glycol Dicaprylate/Dicaprate 
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can enhance the skin penetration of other chemicals. (Bergfeld et al,1999). These factors 
along with its potential to dissolve lipophilic drugs makes it an attractive candidate for non 
aqueous drug delivery. The solvent consists of propylene glycol diester of caprylic (C8) and 
capric (C10) fatty acids which are made up of freely rotating single bonds resulting in a high 




Figure 1.1. Structure of Ethyl cellulose 
 
 








1.10 DYNAMIC RHEOLOGY 
 
The study of rheology is the study of the deformation of matter resulting from the application 
of a force. A rheological measurement is a useful tool for probing the microstructural 
properties of a sample. If we are able to perform experiments at low stresses or strains the 
spatial arrangement of the particles and molecules that make up the system are only slightly 
perturbed by the measurement. 
We can then assume that the response is characteristic of the microstructure in quiescent 
conditions (Goodwin & Hughes, 2000). This is one of the primary advantages that dynamic 
oscillatory rheology has in comparison to continuous shear techniques which destroys the 
material structure. Also, oscillation tests have the capability to characterize the elastic and 
viscous contributions to the entire response of the material whereas continuous shear 
techniques only lead to an integrated characterization (Tamburic and Craig, 1995). The 
parameters that are measured are storage modulus (G'), loss modulus (G˝) and loss/phase 
angle (δ). Storage modulus (G') is a measure of the energy that is stored elastically in the 
material structure during a periodic application of stress and the loss modulus (G˝) is a 
measure of the energy dissipated or the viscous response. Essentially, solid characteristics are 
denoted by G' while G˝ indicates liquid like characteristics. Their ratio tan δ (equal to G˝/ G') 
gives a measure of how much the stress and strain are out of phase with each other. These 
parameters are very important for the rheological characterization of gels. Gels, being 
viscoelastic in nature, tan δ < 1 i.e., δ < 90°. For a weak gel, G' > G˝, and thus junction zones 
can be readily destroyed even at very low shear rate and the network structure is destroyed. 
For a strong gel, G' >> G˝, and both are independent of frequency; lower tan δ values (< 0.1) 
are observed in this case. Another parameter that gives the overall response is the complex 
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+ G˝2) ½                (Equation 1.1) 
 
Rheological characterization of a material is typically carried out by measuring G', G˝ and tan 
δ as a function of temperature, time, frequency, stress or strain using appropriate geometry on 
a rheometer. Accordingly, experiments are termed as ‘Temperature Sweeps’, ‘Time Sweeps’, 
‘Frequency Sweeps’ and ‘Strain/Stress Sweeps’. 
 
1.10.1 Strain/Stress Sweep tests 
 
The material response to increasing deformation amplitude (stress or strain) is monitored at a 
constant frequency and temperature. This test is primarily used to determine the stability and 
the linear viscoelastic region (LVR) of the sample. The LVR can be described as the region 
where the material functions such as G' and G˝ are not functions of stress / strain amplitude.  
In other words, within this domain of linear viscoelasticity, the magnitudes of stress and 
strain are related linearly, and the behavior of the material is completely described by a single 
function of time. Determining the LVR region is of prime importance in any dynamic 
oscillation experiment since the experiment has to be conducted at an amplitude value which 
is within the LVR. This is because if the deformation is small or applied sufficiently slowly 
within the LVR region, the molecular arrangements are never far from equilibrium. The 
mechanical response is then just a reflection of dynamic processes at the molecular level 





1.10.2 Frequency sweep tests 
 
In a frequency sweep test the material response to increasing frequency (rate of deformation) 
is monitored at a constant amplitude and temperature. The amplitude value used should be 
within the LVR of the sample. Frequency sweep tests help classify the sample into either 
dilute solutions, entangled solutions, strong gels or weak gels. In the case of strong gels or 
true gels, where molecular rearrangements within the network are very reduced over the time 
scales analysed, frequency sweep data will show that G' is higher than G˝ throughout the 
frequency range, and is almost independent of frequency. In contrast, weak gels will show 
higher frequency dependence for the dynamic moduli and lower difference between the 
moduli due to relaxation processes occurring at even short time scales. Frequency sweep data 
is also extremely important in time temperature super positioning, the details of which will be 
explained subsequently. This technique is immensely helpful to gauge the properties of the 
material beyond experimentally possible time frames and conditions. 
 
1.10.3 Temperature sweep tests 
 
In temperature sweep tests the G' and G˝ are determined as a function of temperature at a 
constant frequency and amplitude. This test is well suited for studying gel formation, gel 








1.10.4 Time sweep tests 
 
In time sweep studies the G' and G˝ are determined as a function of time at constant 
temperature, frequency and amplitude. This test not only helps in determining material 
stability but is also an important test to study structural development in physical gels. 
 
1.10.5 Time Temperature Superposition (TTS) 
 
The TTS principle helps overcome the problems posed when trying to extrapolate short time 
scale experiments to more long term real world conditions.  
The principle of TTS is based on two important facts one being that the processes involved in 
molecular relaxation or rearrangements in viscoelastic materials occur at accelerated rates at 
higher temperatures and that there is a direct equivalency between time (the frequency of 
measurement) and temperature. Hence, the time over which these processes occur can be 
reduced by conducting the measurement at elevated temperatures and transposing or shifting 
the resultant data to lower temperatures. The result of this shifting is a master curve, showing 
data over a longer time scale at a specific reference temperature. The amount of shifting 
along the horizontal (x-axis) in a typical TTS plot required to align the individual 
experimental data points into the master curve is generally described using one of two 
common theoretical models. The first of these models is the Williams-Landel-Ferry (WLF) 
equation: 
log aT = -C1 (T-T0 )/C2 +(T-T0 )            (equation 1.2) 
 
where C1 and C2 are constants, T0 is the reference temperature (in K), T is the measurement 
temperature (in K), and aT is the shift factor. The WLF equation is typically used to describe 
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the time/temperature behavior of polymers in the glass transition region. The equation is 
based on the assumption that, above the glass transition temperature, the fractional free 
volume increases linearly with respect to temperature. The model also assumes that as the 
free volume of the material increases, its viscosity rapidly decreases. The other model 
commonly used is the Arrhenius equation : 
 








)      (equation 1.3) 
where Ea  is the activation energy associated with the relaxation, R is the gas constant, T is 
the measurement temperature, T0 is the reference temperature, and aT is the time based shift 
factor. The Arrhenius equation is typically used to describe behavior outside the glass 
transition region, but has also been used to obtain the activation energy associated with the 
glass transition. 
 
1.11 ATTENUATED TOTAL REFLECTANCE FOURIER TRANSFORM INFRA 
RED SPECTROSCOPY (ATR FTIR) 
 
The ease of use and rapid sampling time has made ATR an attractive technique for material 
studies. In addition, unlike conventional FTIR, there is little to no sample preparation 
required when using the ATR FTIR. The main benefit of ATR sampling comes from the very 
thin sampling path length and depth of penetration of the IR beam into the sample. This is in 
contrast to traditional FTIR sampling by transmission where the sample must be diluted with 
IR transparent salt, pressed into a pellet or pressed to a thin film, prior to analysis to prevent 
totally absorbing bands in the infrared spectrum. The most important feature of the ATR 
experiment is the evanescent field, which develops during the reflection of radiation at the 
interface of a material with a high refractive index (ATR crystal, n2) and a material with a 
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low refractive index (sample, n1). Attenuation of this electric field by functional groups in the 
lower refractive index material results in a spectrum analogous to an absorbance spectrum. 
The depth of penetration (dp) of the evanescent field is governed by the wavelength of 
incident radiation (λ1), the angle of incidence (θinc) and the ratio of the ATR crystal and 
sample refractive indices (n21). This limits the sampling depth which can be estimated using 
Equation 1.4. In practice, the effective sampling depth is considered to be around 3dp. 
 
Dp = λ1 /2π (sin
2




           (equation 1.4) 
 
As a result, the spectral information obtained will only be from the few microns close to the 
ATR crystal, regardless of the overall thickness of the sample. Therefore it is possible to 
obtain spectra from very strongly absorbing materials including water (Sammon, Bajwa, 
Timmins & Melia, 2006). 
 
1.12 DIFFERENTIAL SCANNING CALORIMETRY (DSC) 
 
Differential scanning calorimetry (DSC) is a thermoanalytical technique for monitoring 
changes in physical or chemical properties of materials as a function of temperature by 
detecting the heat changes associated with such processes. The DSC mainly consists of 
sample holders, heater, sensor, temperature difference detection unit and temperature 
controller unit. It detects temperature difference between sample and reference during heating 
and compares the rate of heat flow to the sample to that of a reference material as both are 
heated or cooled. When the sample holder assembly is heated at a programmed rate, the 
temperatures of both sample and reference material increase uniformly. Upon a phase change, 
the energy absorbed or emitted, is reflected as a change in temperature difference between 
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sample and reference. This temperature difference is proportional to the change in the heat 
flux (energy input per unit time). Hence changes in the sample that are associated with 
absorption or evolution of heat cause a change in the differential heat flow which is then 
recorded as a peak. The area under the peak is directly proportional to the enthalpic change 
and its direction indicates whether the thermal event is endothermic or exothermic. The DSC 
can be used to detect first order melting transition from an exo- or endothermic peak, and 
second order glass transition from an observation of a base line shift (Choi, Kim, & Baik, 
2010; Biliaderis, 1983). 
 
1.13 X RAY DIFFRACTION 
 
Diffraction effects are observed when electromagnetic radiation impinges on periodic 
structures with geometrical variations on the length scale of the wavelength of the radiation. 
The inter atomic distances in crystals and molecules amount to 0.15–0.4 nm which 
correspond in the electromagnetic spectrum with the wavelength of x-rays having photon 
energies between 3 and 8 keV. Accordingly, phenomena like constructive and destructive 
interference should become observable when crystalline and molecular structures are exposed 
to x-rays. 
The working principle of a 2θ scan is as described below. The sample is positioned in the 
center of the instrument and the probing x-ray beam is directed to the sample surface at an 
angle θ. At the same angle the detector monitors the scattered radiation.  During the scan the 
angle of the incoming and exiting beam are continuously varied, but they remain equal 
throughout the whole scan: θ in = θ out. The angle convention is different from the one used 
in optics: in x-ray diffraction the angles of incoming and exiting beam are always specified 
with respect to the surface plane, while they are related to the surface normal in optics. The 
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2θ scan can also be understood as a variation of the exit angle when this is determined with 
respect to the extended incoming beam and this angle is 2θ for all points in such a scan. This 
is the reason for naming the measurement procedure as a 2θ scan. The quantity measured 
throughout the scan is the intensity scattered into the detector. The results are typically 
presented as a function of counts (intensity) versus 2θ (braggs angle) (Birkholz, 2006; 
Pecharsky, & Zawalji, 2005). 
 
1.14 OPTICAL PROFILE ANALYSIS 
 
 An optical profiler provides three-dimensional surface profile measurements without contact. 
Two working modes are available: VSI (Vertical Shift Interference) and PSI (Phase Shift 
Interference). The VSI mode is based on white light vertical scanning interferometry with the 
maximum measurable topography being 1mm. The PSI mode, based on optical phase-
shifting, is dedicated to roughness measurements with maximum measurable topography 
being 150nm. The PSI uses only a single wavelength for interferometry measurements unlike 
the VSI. Since our experiments were done using the VSI mode, the focus will be on this 
mode of measurement. 
A newer technique than PSI, vertical scanning interferometry was developed at Wyko. The 
basic interferometric principles are similar in both techniques : light reflected from a 
reference mirror combines with light reflected from a sample to produce interference fringes, 
where the best-contrast fringe occurs at best focus. However, in VSI mode, the white-light 
source is filtered with a neutral density filter, which preserves the short coherence length of 
the white light, and the system measures the degree of fringe modulation, or coherence, 
instead of the phase of the interference fringes. The interferometric objective moves 
vertically to scan the surface at varying heights. A motor precisely controls the motion. 
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Because white light has a short coherence length, interference fringes are present only over a 
very shallow depth for each focus position. Fringe contrast at a single sample point reaches a 




H NUCLEAR MAGNETIC RESONANCE (NMR) 
 
Over the past thirty years deuterium labeling methods have played a critical role in solution 
NMR studies of macromolecules, in many cases improving the quality of spectra by both a 
reduction in the number of peaks and concomitant narrowing of line widths (Gardner & Kay, 
1998). 
NMR relies on the ability of certain nuclei to become aligned in the presence of a magnetic 
field. The fundamental property of the atomic nucleus involved is the nuclear spin (I), which 
has values of 0, 1/2, 1, 1 1/2, etc. The nuclear magnetic moment is directly proportional to the 
spin. When a magnetic field is applied, the nuclear moments orient themselves with only 
certain allowed orientations. A nucleus with I=0 will have no magnetic moment and 
consequently is not NMR observable. Nuclei with I=1/2 are the simplest nuclei for NMR. 
Nuclei with spin I≥1 possess an electric quadrupole moment in addition to their magnetic 
moment. The quadrupole moment interacts with the electric field gradient at the nucleus, and 
this can produce a very efficient mechanism for relaxing the nuclear spin. This relaxation 
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As stated in the introduction, the availability of a substantial number of topically useful but 
moisture-sensitive drugs in the market calls for more research in the formulation of suitable 
vehicles that can ensure drug stability. Compared to hydrogels, the solvent toxicity issues 
related to non aqueous systems have limited their use in drug transdermal or topical delivery 
systems. However, there have been a couple of non aqueous systems developed for medical 
applications. 
 
2.1 NON AQUEOUS SYSTEMS IN MEDICAL APPLICATIONS 
 
Effective delivery of oral care actives from conventional hydrogel formulations is often 
compromised by poor retention associated with shear forces present in the mouth, salivary 
washout and over-hydration of the gel which can lead to structural breakdown and adhesive 
failure. Non-aqueous gels offer the opportunity to formulate rheologically acceptable vehicles 
with higher concentrations of bioadhesive polymer than is possible using water as the 
primary solvent. The results of an in vitro study suggest that bioadhesion, and consequently 
potential drug bioavailability, would be enhanced by use of a water miscible non-aqueous 
delivery vehicle such as glycerol containing a bioadhesive polymer such as Carbopol with the 
addition of controlled amounts of Polyethylene glycol as plasticizer (Zaman, Martin, & Rees, 
2008). 
Other than Carbopol systems there has been very few other polymers used extensively in non 
aqueous vehicles for pharmaceutical applications. Poly (ethylene) organogels are commonly 
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used as ointment bases and are composed of low molecular weight poly (ethylene) in mineral 
oil. The polymer is dissolved in the oil at about 130 °C and “shock cooled”. This leads to the 
partial precipitation of the polymer chains and the formation of a colorless organogel. These 
gels have been used as a base for a patch testing of metal allergens. The bioavailability of 
nickel antigens from the Poly (ethylene) patch applied to the back of patients was found to be 
as good as the control patch. Poly (ethylene) gels were also found to provide a faster, more 
efficient release of 5-iodo-2'-deoxyuridine for the treatment of oral herpes simplex lesions 
(Najjar, Sleeper, & Calabresi, 1969; Bajaj, Gupta, & Chatterjee, 1990). Also of common 
application in pharmaceutics are copolymers of methacrylic acid (MAA) and methyl 
methacrylate (MMA) which can be used in the preparation of organogels that have been 
evaluated as rectal sustained release preparations. Gels consisted of the model drug dissolved 
in propylene glycol containing high concentrations of the gelling copolymers. Basic drugs 
were found to weaken the gel's structure more than acidic drugs, a phenomenon attributed to 
an increased disturbance of the hydrogen-bond interactions between polymer and propylene 
glycol molecules by the former (Goto, S., Kawata, M., Suzuki, T. et al. 1991; Kawata, M., 
Suzuki, T., Kim, N.S. et al. 1991). Ethanol-based organogels composed of 1:2 P(MAA-co- 
MMA) and a crosslinked poly(acrylic acid) polymer (Noveon AA-1®) were tested in rabbits 
as mucoadhesive films for immunization via the buccal route and the study demonstrated the 
feasibility of the system for buccal immunization (Cui & Mumper, 2002). Similarly, star 
shaped alkylated poly (glycerol methacrylate) amphiphiles, were shown to be capable of 
forming polymeric micelles in pharmaceutically acceptable apolar solvents such as ethyl 
oleate. It was found that organogel formation occurred at high polymer concentrations (> 
10%) when the latter was derivatized with medium length C12 and C14 alkyl chains. On the 
other hand, gelation occurred at much lower concentrations (≤ 1%) in the case of C18-
derivatized polymers, showing the importance of intermolecular van der Waals interactions in 
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the gelation mechanism. Hydrogen bonding via the hydroxyl groups of the core polymers was 
suggested to be a driving force for gelation. The systems were shown to increase the 
solubility of hydrophilic compounds in oils making them potentially useful for the 
preparation of anhydrous peptide formulations (Jones, Tewari, Blei, et al, 2006). 
 
2.2 NON AQUEOUS SYSTEMS COMPRISING ETHYL CELLULOSE 
 
As stated in chapter 1, EC polymer has been widely used in the pharmaceutical industry for 
its film forming abilities, and its use in the formulation of non aqueous gels is still largely 
unexplored. One such study, which dealt with the use of EC in a non aqueous system, studied 
the viscosity changes in oleogels comprising of olive oil and three surfactants with changes in 
the polymer concentration. The aim was to determine their organoleptic and rheological 
characteristics in order to find the most suitable formulation for the incorporation of a drug 
and its subsequent topical administration. The study concluded that oleogels with higher 
proportion of EC presented greater consistency and viscosity values diminished with the 
increase in temperature in these gels. The least viscous oleogels show a Newtonian liquid 
behavior, whereas the most viscous ones present a plastic behavior (Ruız Martınez, 
Benavides, Hernandez, Lara, 2003). 
Similarly, In situ forming novel intragastric controlled-release formulations prepared with 
different grades of EC and different solvents such as triethyl citrate and acetyltriethyl citrate 
have been reported. They investigated different formulation variables affecting the release of 
hydrochlorothiazide from the in situ forming intragastric controlled release formulation. The 
study concluded that as the EC concentration in the formulations increased, the drug release 
rate decreased. High polymer concentration prevented penetration of the dissolution medium 
into the solid mass/gel and hence only the drug present in the outer layers were released from 
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the formulations of higher polymer concentration. They thus concluded that the working 
range for the different polymer grades was 10 to 20 % for Ethocel 10, 15 to 25 % for Ethocel 
7, and 5 to 15 % for Ethocel 100. Formulations with Ethocel 100 slowed slower drug release 
compared to formulations prepared with Ethocel 7 and Ethocel 10. There was no significant 
difference in drug release characteristics between formulations prepared with Ethocel 7 and 
Ethocel 10. Expectedly, the formulations prepared with higher viscosity ranges formed a 
stiffer mass with fewer pores and channels upon exposure to the dissolution medium, and 
thus retarded the drug release (Patel, & Patel, 2011). 
There have been two significant studies which show that the structure of the non aqueous 
solvent plays an important role in the final strength of the EC polymer gel. One of these 
studies analyzed the viscoelastic response of ethyl cellulose (EC) gels in three diesters and 
one monoester solvent, in an attempt to understand the mechanism of gelation in these types 
of solvents. The effect of solvent molar volume and C=O polarization on the 
thermomechanical stability of the gels led them to propose the hypothesis of a competition 
between polymer–polymer direct hydrogen bonding and polymer–solvent electrostatic 
interactions involving the same OH groups. They concluded that in diester phthalates the 
presence of two carbonyls for each molecule allowed the solvent to act as a bridge between 
EC chains. For the EC/monoester system, however, they proposed that although polymer–
solvent interactions may occur, bonding between chains through solvent may not, due to the 
inability to form a bridge (Lizaso, Munoz, & Santamaria, 1999). The second study deals with 
the molecular interactions present in the gelation of triglycerides (different vegetable oils) 
with EC. Since triglycerides have three carbonyl groups in their glycerol core they have 
compared their results to those of gels prepared in mono- and diesters with different structural 
configurations. Raman and IR spectroscopy was used to elucidate which functional groups 
are involved in the gelation process. It was found that the glycerol group of the triglycerides 
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behaves in the same way in the free oil as in the gel. This is an indication that the specificity 
seen by using different oils is not due to electrostatic interactions involving this functional 
group. The study also shows that the conformation of the lipid chains is mainly responsible 
for solvent–solvent interaction. However, the difference seen in the rheological properties is 
explained in terms of polymer–solvent interactions. These are shown to be influenced by the 
molar volume of the solvent, which is dependent on the amount of unsaturations, such that 
the larger volume leads to an increased separation of the polymer strands and a decrease in 
the number of tie points in the polymer network (Laredo, Barbut, & Marangoni, 2011). 
A series of studies on the development and characterization of oleogels having the potential 
to be used as biodegradable lubricating greases utilizing EC and castor oil can also be found 
in literature. Thermal and thermo-rheological behaviors of these materials were characterized 
by means of TGA analysis and rheology, in order to evaluate the evolution of oleogel 
microstructure with temperature in addition to mechanical resistance tests. The evolution of 
biogrease linear viscoelasticity functions with frequency was found to be quite similar to that 
found for traditional lithium lubricating greases. In general, the biogrease samples studied 
show both slightly lower mechanical stability and higher leakage tendency than traditional 
lubricating greases. The use of a blend of ethyl and methyl cellulose as thickener provides a 
mechanical stability comparable to that found for commercial greases. Further studies 
focusing on the effect of EC molecular weight as well EC concentration on these oleogels 
was also reported. Experimental results show that the oleogels which are blends of EC and 
methyl cellulose show enhanced mechanical stability with increase in EC polymer molecular 
weight. They also concluded that irrespective of the polymer weight and concentration, the 
gels show much higher decomposition temperatures when compared to standard lubricating 
greases. An important decrease in the values of the linear viscoselasticity functions down to a 
minimum value was noticed by increasing the EC/ Alpha cellulose or EC/methyl cellulose 
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weight ratio up to a critical value which depended on both the nature of the cellulosic 
derivatives employed and temperature. The thermal dependence of the plateau modulus was 
found to increase significantly with ethyl cellulose concentration in oeleogels thickened with 
both EC/ alpha cellulose and ethyl/methyl cellulose blends (Sanchez, Franco, Delgado, 
Valencia, & Gallegos, 2011a ; Sánchez, Franco, Delgado, Valencia,  Gallegos, 2011b; 
Sanchez, Franco, Delgado, Valencia, & Gallegos, 2009; Sanchez, Franco, Delgado, Valencia, 
& Gallegos, 2011c). 
Heng et al, 2005, carried out the most significant study involving the use of EC polymer for 
the development of a non aqueous gel system for topical drug delivery. Non aqueous gel 
matrices were prepared from three fine particle grades of EC and propylene glycol 
dicaprylate/dicaprate. Continuous and oscillatory shear rheometry was performed using a 
cone-and-plate rheometer and mechanical characterization was performed using a universal 
tensile tester. The non aqueous EC gels exhibited rheological profiles that were typical of 
physically cross-linked three-dimensional gel network due to their predominant elastic 
behavior and the gels also showed time-dependent thixotropic behavior. The polymeric chain 
length and concentration of EC in the formulations influenced the continuous shear properties 
and viscoelasticity whereas the mechanical properties of the gels were more dependent on the 
chain length. The study also concluded that EC100 gels (longer chain length) were more 
stable compared to EC10 and EC7 gels, which exhibited a change to liquid-like behavior at 
very high oscillatory frequency. The molecular interactions associated with the formation of 
ethylcellulose gel networks were speculated to be due to intermolecular hydrogen bonding 
between the polymer chains, and dipole-dipole interactions between the polymer and solvent 
molecules. Molecular conformation of the solvent was also postulated to play a crucial role in 
determining the strength of solvent-polymer interaction, which in turn affected the ease of 
intermolecular hydrogen bond formation between the EC chains (Heng, Chan, & Chow, 
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2005). This study was further extended to understand other relevant pharmaceutical 
properties such as the wetting behaviour of the non aqueous gel since its an important 
indicator of compatibility and bioadhesion to skin and soft tissue substrates. The study 
explored the feasibility of employing dynamic contact angle of sessile drops of water and 
isopropylmyristate on EC gel matrices combined with axi symmetric drop shape analysis as a 
method to investigate the wetting behavior of nonaqueous gel matrices in their original 
semisolid forms. It was concluded that the EC gel matrices exhibited both hydrophilic and 
lipophilic properties, with predominance of the latter and the extent and rate of wetting was 
governed by a balance of chemical and physical characteristics of the gel. Overall, EC gel 
matrices showed desirable wetting behavior in their function as a moisture-barrier, 
bioadhesive and vehicle for topical drug delivery (Chan, Chow, & Heng, 2006).  
The studies carried out by Chan, Chow & Heng showed that the non aqueous EC gel system 
formulated with PGD shows great promise as a topical drug delivery system and hence 
propelled us to study this system in greater detail, exploring many facets such as the effect of 
temperature, moisture and polymer molecular weight on the system which can ultimately 
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STRUCTURAL PROPERTIES OF NON AQUEOUS ETHYLCELLULOSE 




The structural properties of ethyl cellulose and propylene glycol dicaprylate mixtures were 
investigated with a view to facilitating use of the system as excepient for topical drug 
delivery. The working protocol included small-deformation dynamic oscillation in 
combination with the principle of time–temperature superposition, micro and modulated 
differential scanning calorimetry, wide-angle X-ray diffraction patterns, infrared 
spectroscopy, and optical profile analysis in the form of gel particle roughness. In contrast to 
thermoreversible gelation upon heating of aqueous ethyl cellulose solutions reported widely 
in the literature, replacing water with propylene glycol dicaprylate and mixing with the 
polymer yields gels that revert to the solution state with increasing temperature. Time effects 
were also probed; the continuous increase in viscoelasticity of preparations as a function of 
time of observation at ambient temperature was accompanied by structural disintegration of 
the polymeric particles. This was rationalized by proposing that specific polymer–solvent 
interactions result with aging in particle erosion and the release of polymeric strands that are 
able to form a three-dimensional structure. It was thus documented that the time–temperature 
equivalence was active in the system producing a rubbery state in the master curve of 







Cellulose derivatives are commonly ethers of alkyl or hydroxylalkyl groups substituted in 
part on the three available hydroxyl groups of each anhydroglucose unit in the cellulose 
chain. Substitution results in disorder, which spreads apart the polymeric segments so that an 
aqueous or organic solvent may solvate them. Thus, the degree and type of substitution will 
dictate a broad range of functional characteristics in aqueous/non-aqueous preparations with 
industrial application (Ziegler, Tanczos, Horvolgyi, & Agoston, 2008; Stenstad, Andresen, 
Tanem, & Stenius, 2008). Prior to dealing with the gelation of hydrophobically-substituted 
polysaccharides, it should be mentioned that the mechanism of their cold-set hydrophilic 
counterparts, for example, agarose, carrageenans, deacylated gellan and gelatin, is fairly well 
understood (Tanaka,  Gong, & Osada, 2005; Raimo, 2007). Furthermore, the availability of 
hydrophilic gelling agents resulted in a plethora of studies on aqueous gels, as compared to 
the non-aqueous systems (Nishinari & Zhang, 2004; Janaswamy & Chandrasekaran, 2005). 
 The origin of associations in polymers with apolar substituents is determined by the balance 
of an increase in entropy (positive S) and a decrease in enthalpy (negative H) effecting 
changes in the Gibbs free energy (G) as a function of temperature. Extrapolating from the 
case of solid clathrates (hydrophobic hydrates), in which hydrocarbon moieties are trapped 
and free to rotate within a hydrogen-bonded cage of water molecules (Yoon, Han, Park, Choi, 
Yeon, & Lee, 2008), increasing the temperature of the system is entropically very 
unfavorable as it is imposes a degree of strain in the freedom of water molecules whose 
―ordered‖ arrangements become increasingly less stable on heating. Eventually, a 
temperature is reached where the apolar residues of the polymer are withdrawn from aqueous 
contact and the structured water is released, causing an increase in entropy. The exposed 
hydrophobic groups bind now into associations with other hydrophobic groups of 
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neighboring molecules. This is enthalpically costly but the hydrophobic interaction is a 
partial reversal of the entropically unfavorable hydration process, with the latter being the 
dominating factor leading to gelation (Tanaka & Koga, 2000). 
Besides considerations of structure formation in water, non-aqueous solvents are of 
increasing interest since they can be used as vehicles for topical drug delivery (Qiu & Bae, 
2006). Water poses a risk of hydrolytic reactions and the alternative formulations of 
hydroalcoholic compounds (e.g., ethanol) can neither eliminate the possibility of drug 
hydrolysis nor prevent undesirable variation in formulation owing to high evaporative 
potential (Agrawal, Manek, Kolling, & Neau, 2003).
 
An example of a carrier that can 
improve chemical stability of moisture sensitive drugs is the non-aqueous EC matrix that is 
able to structure the hydrophobic solvent. EC has found application as a polymeric coating, in 
controlled release of oral dosage forms, in transdermal films and patches, and as a particulate 
emulsion stabilizer (Li, Kresse, Xu, & Springer, 2001; Wu, Huang, Chang, Tsai, & Tsai, 
2003; Arora & Mukherjee, 2002; Melzer, Kreuter, & Daniels, 2003). Previous results have 
demonstrated that a formulation containing EC, the nonvolatile solvent of propylene glycol 
dicaprylate/dicaprate, and low levels of minocycline hydrochloride (0.05% w/w) provided 
satisfactory antibacterial activity against Propionibacterium acnes, as compared to a blank 
gel matrix and a standard minocycline hydrochloride solution ( Chow, 2006). 
Much research efforts have been directed into formulating topical dosage forms possessing 
physicochemical and aesthetic criteria that ensure clinical efficacy and patient acceptability. 
The physical properties relevant to topical applications of non-aqueous EC gels have been 
characterized in several reported studies. However, fundamental understanding of the EC 
polymer properties in non-aqueous systems is still scarce in the literature. Formation of clear 
and thermoreversible gels had been reported upon cooling of EC/diester phthalate solutions 
(Lizaso, Munoz, & Santamaria, 1999). Thixotropic gels with an extended linear viscoelastic 
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region that exhibit desirable wetting behaviour in their function as a moisture barrier were 
produced with 11 to 16% EC in the formulation at various particle grades (Heng, Chan, & 
Chow, 2005; Chan, Chow, & Heng, 2006). Blends of EC with poly(propylene carbonate) 
exhibited a range of viscoelastic consistencies from predominantly amorphous regions to 
cholesteric liquid crystalline structures in the rich EC composition range (Zhang, Zhang, 
Zhang, Zhou, Zhang, Mo, Zhao, & X. Wang, 2006).
 
In the present study, it was felt that a 
study on the molecular characteristics of the polymer in a non-aqueous solvent will go a long 
way to fill in gaps associated with the functionality of these systems in pharmaceutical 
applications relevant to topical drug delivery. 
     
3.2. MATERIALS AND METHODS 
 
3.2.1. Materials 
The ethyl cellulose sample employed in this study was a water-insoluble, thermoplastic 
cellulose ether with a white powder appearance. Glass transition temperature of the powder is 
131 ± 2°C and the material remains stable up to its melting point (~ 165°C). The ethoxy 
content of the polymer is 48.0 to 49.5 %; Ethocel Std 100 FP Premium (EC100) supplied by 
Dow Chemical, Midland, MI. Molecular weights, Mw and Mn (g mol
-1
), and polydispersity, 
Mw/Mn, of EC100 were obtained by gel permeation chromatography using Styragel column 
and a reflective index detector (Models 2690, 2410, Waters, Milford, MA) at 40°C. 
Tetrahydrofuran was the mobile phase and polystyrene standards provided the calibration 
curve. Results expressed as means from duplicated determinations are as follows: Mw = 
130,270, Mn = 74,740, and Mw /Mn = 1.7. The non-aqueous solvent used presently is a 
hydrophobic diester derivative of propylene glycol and it is commercially available by Sasol 
GmbH, Witten, Germany. The solvent is a non-volatile neutral oil exhibiting viscosity of 
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about 10 mPa.s at 20°C with caprylic acid and capric acid contents of 65-80 % and 20-35 %, 
respectively (propylene glycol dicaprylate/dicaprate; Miglyol 840). 
3.2.2. Gel preparation 
To evaluate the structural properties of our systems, ethyl cellulose was mixed with 
propylene glycol dicaprylate/dicaprate (PGD) using continuous stirring with a stirrer at 300 
rpm at ambient temperature for fifteen minutes. This lead to the formation of a homogeneous 
gel and air bubbles were removed by applying vacuum. All material concentrations were 
expressed on based on weight (w/w). 
3.2.3. Rheological measurements 
Small deformation dynamic-oscillation measurements on shear were performed using AR-
G2, a rheometer with a magnetic thrust bearing technology for nano-torque control (TA 
Instruments, New Castle, DE). The analysis provides readings of the storage modulus on 
shear (G') which is the elastic component of the network, loss modulus (G"; viscous 
component) and complex dynamic viscosity (*). Variations with time and temperature can 
further be assessed as a measure of the ‗phase lag‘  (tan  = G" / G') of the relative liquid-
like and solid-like structure of the material. Temperature control is achieved with a Peltier 
plate at a range between – 30 and 120ºC and accuracy of ± 0.1ºC. Experimental routines were 
carried out within the linear viscoelastic region (LVR) of the material, loaded onto the 
parallel plates of the measuring geometry (40 mm diameter; 1.5 mm gap). 
3.2.4. Thermal analysis 
Rheological work was complemented with differential scanning calorimetry using micro 
DSC (Setaram VII; SETARAM Instrumentation, Caluire, France) and modulated DSC 
(MDSC 2000; TA Instruments, New Castle, DE). In the former, approximately 300 mg of the 
gel was subjected to heating followed by a cooling cycle of 25–90–25 ºC at 1 ºC/min. This 
temperature range was extended using MDSC where 9 mg of the EC/PGD gel was subjected 
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to cooling and heating routines between 25 and −80 ºC at a rate of 5 ºC/min. A modulated 
temperature-sweep mode was used with an oscillating period of 60 s and amplitude ±1 ºC 
described previously (Kontogiorgos, Goff, & Kasapis, 2008), and the thermograms of total, 
reversing and non-reversing heat flow were examined in this study. Instrument calibration 
included a traceable indium standard and a sapphire standard. 
3.2.5.  X ray diffraction studies 
Wide-angle X-ray diffraction patterns of the EC/PGD gel were obtained using a SIEMENS 
D5005 X-Ray Diffractometer (Bruker AXS, Karlsruhe, Germany) equipped with Cu-Kα 
(1.54 Å) radiation. An accelerating voltage and current of 40 kV and 40 mA, respectively, in 
combination with a scan rate of 0.8°C/min were employed. The diffractograms were recorded 
in a 2θ range between 2° and 90°, and subsequently analysed using the Bruker Advanced X-
Ray Solutions software, DIFFRAC
plus
 Evaluation (Eva), version 10.0 revision 1. 
3.2.6.  ATR-FTIR analysis 
ATR-FTIR spectra of the EC/PGD gel were obtained using a Perkin Elmer One
TM
 FTIR 
spectrometer equipped with MIRacle
TM
 ZnSe single reflection ATR plate (Perkin-Elmer, 
Norwalk, CT). The spectrum of each material was finalized after averaging 200 scans 
between 4000 and 600 cm
-1
 with a resolution of 4 cm
-1
. This was corrected against the 
background spectrum of the solvent at ambient temperature. Data acquisition was facilitated 
by the Spectrum v5.0.1 Software of Perkin-Elmer. 
3.2.7. Optical profile analysis 
Measurements of gel roughness were carried out with a Wyko NT1100 optical profile 
analyzer, which utilizes a scan area of 50  50 m (Veeco, Tucson, AZ). Approximately 0.3 
g of gel was spread on a flat surface (glass Petri dish), which is then mounted on the profile 
analyzer for scanning. Excess solvent present on the gel surface due to the capillary effect has 
a high tendency to result in an erroneously smooth surface (low roughness values). This 
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effect was minimized by lining the Petri dish with filter paper to absorb excess solvent and by 
gently spreading the gel immediately prior to each measurement so that the structure within 
the bulk of the gel was captured in the scan. Scan rate for the acquisition of three dimensional 
images was 0.02˚/min. 
 
3.3.  RESULTS AND DISCUSSION 
 
3.3.1. Temperature Course of Mechanical Properties in Ethylcellulose / Propylene 
Glycol Dicaprylate/dicaprate Mixtures 
Mechanical properties of the non-aqueous EC/PGD system are monitored presently using 
small deformation dynamic oscillation in shear. This approach possesses the advantage of 
preserving the delicate organization of the polymeric network as it forms. Prior to this, 
mechanical properties under increasing amplitude of oscillation were monitored to identify 
the linear viscoelastic region (LVR) of the material. The strain sweep (figure 3.1) showed that 
the solid-like response (G') dominated the liquid-like response (G"), with the former 
diminishing with increasing strain and falling finally below the G" trace. For a freshly made 
EC/PGD gel, LVR extends to about 3.5% strain. An amplitude of deformation of 0.5% strain 
was chosen for subsequent experimentation in order to minimize the chance of network 





Figure 3.1. Strain sweep measurement for LVR determination of freshly prepared 
12%EC/PGD gel at 25°C. (Frequency: 1 rad/s) 
 
 
Mechanical spectra (i.e., variation of G', G" and complex dynamic viscosity, *, as a 
function of frequency of oscillation, ) were also recorded at ambient temperature (24°C) 
within the frequency range of 0.1 to 100 rad/s. Freshly made samples show some evidence of 
gel-like character (G' > G") but with considerable frequency dependence particularly in the 
values of loss modulus. Furthermore, the gap between the two modulus traces diminishes, 
with the values of tan  increasing from 0.37 to 0.62 at the beginning and end of the 




















Figure 3.2. Frequency dependence of freshly prepared 12%EC/PGD gel. (strain: 0.5%) 
 
 Experimentation continued by following the changes in storage modulus and damping factor 
tan  on heating and cooling of the EC/PGD gel at a controlled rate of 1°C/min. 
As shown in Figure 3.3(a), there is a gradual reduction in G' leading to material liquefaction, 
an outcome that is confirmed by the values of tan  exceeding the threshold of one in Figure 
3.3(b). This is, of course, in direct contrast to the process of thermogelation mentioned earlier 
for the methyl and hydroxylpropylmethyl derivatives of cellulose in water. In the cooling 
direction, the material restructures but it requires a further isothermal run at 25ºC for 48 hours 
for complete recovery, which is indicative of thermal hysteresis in the molecular network 
dynamics. Experiments with heating, cooling and an isothermal run were repeated twice to 
thoroughly ascertain the temperature induced properties of the material and, in doing so, it 




























Figure 3.3. Elastic modulus (a) and tan  (b) obtained from controlled heating (closed 
symbols) and cooling (open symbols) at a rate of 1ºC/min on 12% fresh EC/PGD gel - first 
temperature sweep (; ), second temperature sweep following isothermal aging at 25ºC for 
48 hours (; ), and  third temperature sweep (; )  following another isothermal aging 













































 In cooling, for example, increase in the G' values is mostly gradual but is followed by a 
―second wave‖ of structure formation commencing at 34°C. The involvement of two distinct 
molecular processes is also evident in the specific features of tan , which show a rapid 
reduction in the liquid-like component of the material towards the completion of the cooling 
routine. The origin of this bimodal behaviour will be accounted for later, in discussions on 
the time course of structure formation in the EC/PGD gel.  
Having considered briefly the temperature dependence of molecular associations that give 
rise to structural variation of EC/PGD gels at temperatures in the range of ambient to 90°C, 
we now attempt a complementary investigation at subzero temperatures. This was carried out 
by recording a series of standard mechanical spectra at regular temperature intervals of five 
degrees centigrade down to – 25°C. A typical sample of the results is reproduced for storage 
modulus in Figure 3.4(a) and for loss modulus in Figure 3.4(b). Both moduli have relatively 
low values at higher temperature (e.g., 5°C), whereas there is an order-of-magnitude build up 






Figure 3.4. Frequency variation of G' (a) and G" (b) of a freshly made 12% EC gel in PGD 





































Data was then processed following the method of reduced variable otherwise known as the 
time-temperature superposition principle (TTS) (Ferry, 1991; Kasapis, Al-Marhoobi, 
Deszczynski, Mitchell, & Abeysekera, 2003). In doing so, a point was chosen arbitrarily as 
the reference temperature (To = - 25°C) and the remaining data were shifted along the log 
frequency axis until a uniform curve was obtained. In the absence of a phase transition, the 
span of moduli at each experimental temperature reflects a change in state which can be 
associated with a reference temperature following the horizontal superposition of data by a 
given shift factor. Figure 3.5(a) depicts the master or composite curve obtained in this work 
for the EC/PGD gel, where the reduced moduli (G'p and G"p) cover a frequency window of 7 
decades. The progress in viscoelasticity appears to establish an extended part of the ―rubbery 
region‖ of the material, with the storage modulus being predominant and both traces showing 
frequency dependence. 
Identical superposition of both modulus traces is a prerequisite for valid application of the 
method of  reduced variables, thus yielding the shift factor (aT) that integrates two sets of 
temperature data (T and To). The pattern of structural relaxation, as documented in the factor 
aT for the horizontal superposition of mechanical spectra in Figures 3.4(a) and 3.4(b), is 






Figure 3.5 ( a) Composite curve of reduced shear moduli ((G'p (); G"p ()) for the sample 
of Figure 3 at the reference temperature of - 25°C, and (b) temperature variation of the factor 
aT for the rubbery region () of the sample, with the solid line reflecting the modified 






































It was confirmed that the combined framework of Williams, Landel, Ferry / free volume 
theory (Ferry, 1980) was unable to follow this progress in viscoelasticity, an outcome which 
argues for the absence of glass-transition related phenomena within the experimental 
temperature range.  However, the alternative plot (Kasapis, 2008): 








)   
i.e., the modified Arrhenius equation achieves a good linear relationship (r
2
 = 0.992) for the 
horizontal shift factor (R is the gas constant).  
The constant activation energy (Ea) argues that relaxation processes in the rubbery region are 
heavily controlled by the specific chemical and conformational features of the material.  
The rubbery region reflects a timescale of observation in which there is no rearrangement of 
intermolecular associations (―entanglements‖ according to the theory of polymer 
viscoelasticity) but the configurational changes of chain segments between these associations 
are rapid. The modified Arrhenius equation provides an energetic barrier estimate for a 
relaxation process relating to rearrangements beyond entanglements. Furthermore, the Ea 
value of 158 kJ/mol is comparable to estimates obtained for high-solid polysaccharide and 
glucose syrup preparations (98 to 140 kJ/mol) (Kasapis, 2001). This group of values contrasts 
strongly with the predictions of the reaction rate theory (Ea = 0.47 kJ/mol) for the rate of 
molecular diffusion of a bioactive compound (e.g., caffeine), which reflects the freedom of 
mobility of small organic molecules within the free volume of a carbohydrate matrix. The 
soft rubbery consistency of the ethylcellulose / propylene glycol dicaprylate/dicaprate 
preparation, as opposed to the hard and brittle properties of a glassy material, should ensure 





3.3.2 Time Course of Structural Properties in Ethylcellulose / Propylene Glycol 
Dicaprylate/dicaprate Mixtures 
 
Results thus far give a certain indication of the nature of molecular structures in the EC/PGD 
gel as affected by changing temperature. A likely possibility, however, is that besides 
temperature, holding the material isothermally over a period of time, which is accessible to 
normal laboratory operations may further enhance our understanding of structural behaviour. 
A preliminary comparison with the temperature course of structural behaviour was attempted 
using an optical profile analyzer and recording gel roughness at ambient temperature. Figure 
3.6 reproduces the outcome of those changes over a prolonged period of observation (27 
days) for untreated and thermally treated samples. The immediate observation is that the 
values of the root mean square roughness of the gel surface (Rq) of thermally treated gel 
samples are substantially lower than for the corresponding periods of observation in unheated 








Figure 3.6. Root mean square roughness (Rq) of the fresh () and heated () 12% EC/PGD 
gel with respect to a time scale. 
 
There was an initial increase in the roughness values of freshly made samples (Rq = 341  
144.3 nm), which culminated after 3 days of observation (Rq = 467  138.7 nm). This was 
followed by a sharp increase in light transmission (i.e., decrease in particle roughness) that 
reduced appreciably the size of measured entities after 27 days of observation (Rq = 200.9  
88.8 nm). Overall, the relative magnitude of these changes argues for a time-temperature 
equivalence, which is qualitatively similar to the arguments deployed in Figures 3.4 and 3.5, 
since it appears that under a longer period of observation (approximately 25 days), both time 

















The partial disintegration of the structure demonstrated with increasing time of observation in 
Figure 3.6 is, of course, interesting but this trend was not apparent in similar isothermal 
routines that followed the mechanical properties of the preparation.  
 
Figure 3.7. Variation of storage modulus, loss modulus and tan  as a function of time at 
25°C for  12% EC/PGD gel (frequency: 1 rad/s; strain: 0.5%). 
 
As shown in Figure 3.7, there is considerable increase in the values of storage and loss 
modulus in the initial stages of the time sweep, which is mirrored by the corresponding 
decrease in the damping factor, tan . At longer times, experimental traces level out thus 
achieving G' and tan  values of 3.5 kPa and 0.28, respectively, after 6 days of continuous 
monitoring. That was the longest period of continuous experimentation allowed by the AR-












































24 hrs showed negligible development in moduli. Overall, results of this investigation 
demonstrated that the gelation process has reached a dynamic ―pseudoequilibrium‖ and is 
predominantly time dependent. 
 
3.3.3. Molecular interactions in ethyl cellulose/ propylene glycol dicaprylate mixtures 
A unifying theme in the discussion of Figures 3.6 and 3.7 is that a substantial proportion of 
the polymer is structurally mobile as a function of time (and temperature) of observation, 
which indicates that ethyl cellulose interacts directly with the non-aqueous environment of 
propylene glycol dicaprylate. 
 The nature of these molecular rearrangements was further pursued by monitoring the wide-
angle X-ray diffraction patterns and ATR-FTIR spectra of the EC/PGD gel. Figure 3.8 offers 
a direct indication of the effect of the experimental protocol on the diffraction patterns of the 
cellulosic powder and the gel with or without thermal processing. In the former, diffraction 
peaks were observed at 2 (°) of 8.4 and 20.6, an outcome that is characteristic of cholesteric 
liquid crystallinity (Huang, Ge, Li, & Hou, 2007). Furthermore, the small angle peak 
corresponds to the interlayer distance of the ordered sequences of the polymer, with the 




Figure 3.8. Wide angle X-ray diffraction patterns for (a) ethyl cellulose powder (b) freshly 
made gel of 12% EC in PGD  (c) 12% EC/PGD gel undergone prior thermal treatment. 
 
Together, the position of the two peaks indicates cellulose modification and generation of 
disorder in the system, with the projection of substituting groups along the axis being 
associated with an increase in the interfibrillar distance (Filho, de Assuncao,  Vieira, 
Meireles, Cerqueira, Barud, Ribeiro, & Messaddeq, 2007). Upon examination of the gel 
patterns, there is clear displacement of the diffraction peaks to smaller 2 angles of 6.0 and 
18.9, respectively, which suggests an increase in both the interlayer and interchain spacing 
due to polymeric interactions with the solvent. All along, the signal intensity of the X-ray 
patterns is reduced from the powder and the freshly made gel to the thermally treated material 



















The effect of ethyl substitution in cellulose was also examined by using infrared spectroscopy 
and following the above line of approach in terms of preparing samples of cellulosic powder 
and the non-aqueous gels with or without thermal treatment. Figure 3.9 reproduces the 
infrared spectra of the three samples following subtraction of the background signal from 
propylene glycol dicaprylate. A noticeable feature of the spectrum of the heated gel is the 
peak at 1745 cm
-1
, which is not present in spectra (a) and barely detected in (b). This outcome 
indicates that heat treatment facilitates molecular interactions between the carbonyl groups of 
the diester in the solvent and the hydroxyl groups of the polymer (Stenstad et al., 2008). 
 Further insights into structural variations are afforded by the bands at 881 and 920 cm
-1
, 
which are seen in the powdered sample but are below acceptable threshold values  in spectra 
(b) and (c). The former is characteristic of packing patterns of beta-glucan sequences with the 
latter being attributed to the stretching of out-of-plane rings of amorphous segments of the 
cellulose matrix (Panaitescu, Donescu, Bercu, Vuluga, Iorga
 
, & Ghiurea, 2007). Both are 
less conspicuous in the gel where the solvent molecules generate high levels of free volume 
that disrupt the periodicity patterns of the polymer. This type of polymer plasticization by the 
PGD solvent is congruent with the rubbery state recorded for the mechanical properties of the 








Figure 3.9. FTIR spectrum of (a) ethyl cellulose powder (b) freshly made gel of 12% EC in 
PGD  (c) 12% EC/PGD gel undergone prior thermal treatment. 
 
The X-ray and infrared spectroscopy results in Figures 3.8 and 3.9 extend conclusions drawn 
on the structural variation of our material subjected to an experimental isothermal or 
isochronic regime. The nature of the molecular processes leading to gel–sol transition with 
increasing temperature in Figure 3.3 and structural disintegration in Figure 3.6  is further 
discussed in this section. Since gelation of ethyl cellulose takes place with a specific 
physicochemical environment, the nature of polymer–solvent interactions should also be 
considered using micro and modulated differential scanning calorimetry. 
Repeated experimentation by heating and then cooling the freshly made or a 48-h annealed 
gel at 25 °C (using micro DSC at a scan rate of 1 °C/min that follows the rheological 


















protocol) failed to produce an enthalpic transition, which has been reported in the literature 
for thermograms of ethyl cellulose in water. Instead, only a flat baseline was recorded 
indicating the absence of crystallinity and associated melting peak for the non-aqueous 
system of this investigation within the temperature range that tan   becomes one 
(viscoelastic heating profiles in Figure 3.3) as seen in figure 3.10 (a). Following this, the 
temperature range of observation was extended to subzero temperatures using modulated 
DSC in Figure 3.10 (b) and monitoring separately the solvent solution and the mixture of 
polymer with solvent. Within the temperature range of interest in this investigation (i.e. −25 
°C < temp < 95 °C), total heat flow and reversing flow are virtually identical and devoid of 
sigmoidal patterns of heat flow that could be related to glass transition phenomena. In the 
absence of vitrification, there is close correspondence between this result, the master curve of 
viscoelasticity in Figure 3.5 (a) and the mechanistic modeling in Figure 3.5 (b) where it was 
argued for a soft rubbery consistency in the mechanical properties of the EC/PGD preparation 
spanning the temperature range of −25 °C to 5 °C. Nevertheless, thermal changes at the lower 
range of experimental temperatures in Figure 3.10 (b) unveil for PGD or EC/PGD two 
dominant cooling exotherms, which show appreciable similarity in position and shape. Thus 
the total heat flow and non-reversing heat flow document that the thermal event denotes 










Figure 3.10 (a) Micro DSC heating and cooling thermograms obtained at a scan rate of 
1˚C/min for 12% EC/PGD gel, and (b) Modulated DSC cooling scans of 12% EC/PGD gel or 






















































Experimental observations and quantitative treatment of results encourage us to present a 
sketch of the model proposed to rationalize the time effect on structural properties of the 













Figure 3.11. Mechanistic depiction of the two molecular processes governing the structural 
properties of ethylcellulose / propylene glycol dicaprylate/dicaprate  gel as a function of time 
at ambient temperature. 
 
The obvious interpretation of the continuous increase in viscoelasticity of the non-aqueous 
gel, as a function of time of observation at ambient temperature (Figure 3.7), is that there are 
dynamic structures present in the system developing continuously. In combination with the 
increase in particle roughness at the initial stages of Figure 3.6, which is overtaken by 
structural disintegration at longer periods of observation, results are suggestive of 
contributions from two distinct molecular processes. The passage from one process to the 
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other should correspond to the maximum in the detectable values of particle roughness. Prior 
to that point, solvent diffusion and consequent particle swelling is the driving force of 
recorded viscoelasticity but a critical stage is reached at which partial dissociation of solvated 
regions will commence. As illustrated in Figure 3.11, gel-forming individual strands that 
interact with the solvent should further underpin structure formation that is able to support 
particle remnants undergoing solubilisation. Equivalence between time and temperature 
effects is demonstrated in the analysis of Figure 3.5, which is supported by the converging 
patterns of structural rearrangement in EC particles with heating and prolonged aging at 25 
°C in Figure 3.6. This passage to temperature effects argues for direct interactions between 
polymer and solvent to yield specific viscoelastic profiles, X-ray diffractograms and infrared 
spectra for gels. On the basis of regioselectively substituted hydroxyl groups with benzyl, 
methyl and ethyl ether, it can been argued that the gel–sol transition observed at temperatures 
above 65 °C in Figure 3.3(b) is associated with direct polymer–polymer hydrogen bonding 
featuring 6-position hydroxyl groups (Itagaki, Tokai, & Kondo, 1997; Kondo and Miyamoto, 
1998). 
The second wave of structure formation observed at temperatures below 35 °C in Figure 3.3 
(a) and (b) may involve an additional contribution from electrostatic interactions between 
carbonyl groups of the solvent and hydroxyl groups of the polymer. This has been argued for 
EC gels using diethyl, dibutyl and di (2- ethyl hexyl) phalate solvents, which produced 
networks with a flat frequency dependence of shear modulus on dynamic oscillation due to 
the formation of stable bridges between the two carbonyl groups of each diester-phalate 
molecule and two encompassing EC chains (Lizaso et al., 1999). Such interactions have been 
detected in the infrared spectra of Figure 3.9, but results in Figure 3.5 (a) show a pronounced 
frequency dependence of shear modulus attributed to freely rotating single bonds of the 
dicaprylate/dicaprate backbone that reduce the efficiency of carbonyl-group polarization in 
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EC/PGD gels. Adding to this the micro/modulated DSC results discussed in Figure 3.10, it is 
suggested that gelation does not arise from crystallisation, is distinct from the molecular 
mechanisms that prevail in hydrophobic thermogelation of EC/water systems, and should be 
of critical importance in elucidating the functional properties of preparations related to topical 
drug delivery. At this stage, it is encouraging that results of the time–temperature 
superposition principle indicate that addition of ethyl cellulose to propylene glycol 
dicaprylate results in soft rubbery gels within standard conditions of ambient and near 
subzero temperatures for extended timescales of observation. 
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EFFECT OF HYDRATION ON THE STRUCTURAL PROPERTIES OF NON 
AQUEOUS ETHYL CELLULOSE GELS  
 
SUMMARY 
 Although designed to be a non-aqueous vehicle for moisture sensitive drugs, EC/PGD 
systems are expected to experience an aqueous environment during production, storage and 
application on the skin. Hence, the interaction of water with the non aqueous gel system and 
its distribution within the gel network is of great interest and critical to its application. 
Experimental techniques used were small-deformation dynamic oscillation on shear, 
microDSC, 
2
H-NMR spectroscopy, infrared spectroscopy, light microscopy and wide angle 
X-ray diffraction. Rheological profiles of the gels containing moisture (0.5 to 45.0% w/w) 
deviated considerably from that of the non aqueous system at levels of water above 10.0% in 
preparations. Gradual replacement of the dipole interactions between polymer and solvent 
with stronger intramolecular hydrogen bonding within the ethyl cellulose chains as the level 
of hydration increased was behind these observations. Formation of clusters of ethyl cellulose 
observed under a light microscope was thus ensued. X-ray diffraction patterns showed that 
the rearrangement of the polymer chains led to the loss of the cholesteric liquid crystalline 
structures found in the anhydrous gel. DSC and 
2
H-NMR studies shed light on the state of 
added water in the gels. Plots of enthalpy obtained calorimetrically and a good correlation 
between DSC and 
2
H-NMR data indicate that gels with less than two percent hydration 
contain water in a non-freezable bound state, whereas freezable moieties are obtained at 






EC is a semi synthetic cellulose derivative that can be used as a binder, dispersing agent, 
stabilizer and a slow releasing agent in many kinds of medical applications (Sakellariou & 
Rowe, 1995). Unlike most polymers, EC is able to form gels in hydrophobic solvents and this 
has led to it being used to develop non aqueous gel systems in solvents like ethanol and 
diester phthalates (Lee, Kitagawa, Uchida, Kim, & Goto, 1995; Lizaso, Munoz, & 
Santamaria, 1999). Although EC is considered to be insoluble for medical applications, it can 
take up water that can be explained on the basis of a hydrogen bonding capability of the 
polymer with water. There is a polarity difference between the oxygen atom and the ethyl 
group in the ethoxy group and depending on the degree of substitution, there are hydroxyl 
groups on the cellulosic molecule. Thus, there is potential to form a range of weak to strong 
hydrogen bonds between the polymer and water molecules (Agrawal, Manek, Kolling, & 
Neau, 2003). 
Previous studies have demonstrated that a non aqueous formulation comprising EC and the 
non volatile solvent of propylene glycol dicaprylate (PGD) can be a useful topical drug 
delivery system owing to its ability to form a gel network with satisfactory structural 
properties (Heng, Chan, & Chow, 2005). A second communication was an in-depth study of 
the gelation mechanism of the EC/PGD system supporting the delivery of moisture sensitive 
drugs (Bruno, Kasapis, Chaudhary, Chow, Heng & Leong, 2011) described in chapter 3. 
Although the EC/PGD gel is designed to be a non-aqueous system, interactions between 
water molecules and the gel components leading to hydration of the original preparation is of 
considerable interest since, in practice, suspending materials are expected to experience an 
aqueous environment during industrial production, commercial storage or variable 
environmental application on the skin. 
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A plethora of studies on the molecular state of water in hydrogels using the investigative 
techniques of differential scanning calorimetry (Liu, Li, & Yao, 2000; McCrystal, Ford, & 
Rajabi-Siahboomi, 1997; Li, Yang, Ma, et al., 2009; Bellich, Borgogna, Carnio, & Cesaro, 
2009; Wang, & Gunasekaran, 2006; Capitani, Mensitieri, Porro, Proietti, & Segre, 2003) and 
nuclear magnetic resonance (Liu, Li, & Yao, 2000; Li, Dickson, & Chinachoti, 1998; Aoki, 
Kawasaki, & Kodama, 2002; Calucci, Forte, & Ranucci, 2008) have argued that there are 
primarily three classes of water present in a polymer stabilized hydrogel. These are: (i) free 
water or bulk water, (ii) freezable bound water and (iii) non-freezable bound water. In 
comparison, data on the effect of added water to non-aqueous systems are scarce in literature. 
One such study showed that, unlike the case of hydrogels, phase transitions recorded by 
calorimetry were not observed until the amount of added water to non-aqueous gels stabilized 
by carbopol 974P exceeded 50% (w/w) in formulations (Zaman, Martin, Rees, & Royall, 
2004). This particular study did not explore the precise nature of the interactions between 
water phase and gel components. 
The current study aims to understand the changes in structural properties of the original non-
aqueous EC/PGD gel upon hydration with different amounts of water. An attempt has been 
made to explain not only the state of water in these gels but also to elucidate the nature of the 
interactions that occur. The latter are ultimately critical to the physicochemical behavior of 









4.2. MATERIALS AND METHODS 
 
4.2.1 Materials 
The ethyl cellulose sample employed in this study, Ethocel Std 100 FP Premium (EC100) 
supplied by Dow Chemical, Midland, MI, is a water-insoluble thermoplastic cellulose ether 
with a white powder appearance. Glass transition temperature (Tg) of the powder is 131 ± 2°C 
and the material remains stable up to its melting point of about 165°C. The ethoxy content of 
the polymer is 49.0 ± 0.5 %. Weigh and number average molecular weights, Mw and Mn (g 
mol
-1
), and polydispersity, Mw/Mn, of EC100 were obtained by gel permeation 
chromatography using Styragel column and a reflective index detector (Models 2690, 2410, 
Waters, Milford, MA) at 40°C. Tetrahydrofuran was the mobile phase and polystyrene 
standards provided the calibration curve. Results expressed as means from duplicated 
determinations are as follows: Mw = 130,270, Mn = 74,740, and Mw /Mn = 1.7. The non-
aqueous solvent used presently is a hydrophobic diester derivative of propylene glycol and it 
is commercially available by Sasol GmbH, Witten, Germany. The solvent is a non-volatile 
neutral oil exhibiting viscosity of about 10 mPa.s at 20°C with caprylic acid and capric acid 
contents of 65-80 % and 20-35 %, respectively (propylene glycol dicaprylate/dicaprate; 
Miglyol 840). Deionized water was used to prepare the samples having variable levels of 
hydration. 
 
4.2.2. Gel Preparation 
To evaluate the structural properties of our system, required amounts of deionised water were 
incorporated into propylene glycol dicaprylate/dicaprate (PGD) preparations using 
continuous stirring at 600 rpm at ambient temperature for fifteen minutes. To the 
solvent/water suspension, EC was added with continuous stirring at 300 rpm. This leads to 
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the formation of a homogeneous gel with the required level of moisture, and air bubbles were 
removed from the gel by applying vacuum. All material concentrations were expressed on a 
weight basis (w/w). We were able to incorporate up to 45.0 % moisture in 12.0 % EC gels 
beyond which phase inversion takes place from a PGD continuous to a water continuous 
phase. 
 
4.2.3. Rheological Measurements 
Small deformation dynamic-oscillation measurements on shear were performed using AR-
G2, a rheometer with a magnetic thrust bearing technology for nano-torque control (TA 
Instruments, New Castle, DE). The analysis provides readings of the storage modulus on 
shear (G'), which is the elastic component of the network, loss modulus (G"; viscous 
component) and complex dynamic viscosity (*). Variations with time and temperature can 
further be assessed as a measure of the ‗phase lag‘  (tan  = G" / G') of the relative liquid-
like and solid-like structure of the material. Temperature control is achieved with a Peltier 
plate at a range between – 30 and 120ºC and accuracy of ± 0.1ºC. Experimental routines were 
carried out within the linear viscoelastic region (LVR) of the material, loaded onto the 
parallel plates of the measuring geometry (40 mm diameter; 2 mm gap). A solvent trap was 
used to prevent water loss or PGD leakage during the heating and cooling cycles. 
 
4.2.4. Thermal Analysis 
Rheological work was complemented with differential scanning calorimetry using a 
modulated DSC (TA instrument 2920; TA Instruments, New Castle, DE).  Approximately 20 
mg of the EC/PGD/water gel was weighed and sealed in a hermetic pan that was subjected to 
heating and cooling cycles. The first cycle involved heating the gel sample up to 90°C at a 
rate of 5°C/min to remove any thermal history from the preparation and handling of the 
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material. This was followed by a cooling cycle, where the sample was cooled at a rate of 
5°C/min down to -60°C. Subsequently the sample was heated to 25°C at the same scan rate. 
The instrument was calibrated with an indium standard and an empty hermetic pan was used 
as the reference during experimentation. Enthalpy values associated with the melting 




H NMR spectroscopy 
2
H NMR spectra were obtained with a Bruker DRX 500 (500 MHz spectra; Manning Park, 
Billerica, MA) using a probe at a resonance frequency of 61.4 MHz, and spectra were 
recorded with a 90° pulse. Sample preparation was carried out by incorporating the required 
amounts of D2O into propylene glycol dicaprylate/dicaprate using continuous stirring at 600 
rpm for fifteen minutes. To the solvent/D2O mixture, ethyl cellulose was added with 
continuous stirring at 300 rpm. Resulting viscous solutions were quickly transferred to chilled 
NMR tubes having a diameter of 10 mm. Filled tubes were then left at room temperature for 
gelation to take place thus achieving a relatively straightforward method of filling the 
relatively thin NMR tubes, a process that can be problematic at times.  
 
4.2.6.  ATR-FTIR Analysis 
ATR-FTIR spectra of the hydrated EC/PGD gels were obtained using a Perkin Elmer One
TM
 
FTIR spectrometer equipped with MIRacle
TM
 ZnSe single reflection ATR plate (Perkin-
Elmer, Norwalk, CT). The spectrum of each material was finalized after averaging 200 scans 
between 4000 and 600 cm
-1
 with a resolution of 4 cm
-1
. Recordings were corrected against 
the background spectrum of the solvent at ambient temperature. Data acquisition was 




4.2.7.  Light Microscopy 
A thin layer of gel comprising 12 % EC, 73 % PGD and 15 % water, all in weight-per-weight 
basis, was placed on a glass slide and observed at ambient temperature under a brightfield 
microscope using a magnification of 50X and UIS2 infinity-corrected optics (CX31, 
Olympus, Center Valley, PA). Images were captured and reproduced digitally with an 
Olympus microscope digital camera (DP71). 
 
4.2.8. X-ray diffraction studies 
Wide-angle X-ray diffraction patterns of the hydrated EC/PGD gels were obtained using a 
SIEMENS D5005 X-Ray Diffractometer (Bruker AXS, Karlsruhe, Germany) equipped with 
Cu-Kα (1.54 Å) radiation. An accelerating voltage and current of 40 kV and 40 mA, 
respectively, in combination with a scan rate of 0.8°C/min were employed. The 
diffractograms were recorded in a 2θ range between 2° and 90°, and subsequently analysed 
using the Bruker Advanced X-Ray Solutions software, DIFFRAC
plus
 Evaluation (Eva), 













4.3. RESULTS AND DISCUSSION 
 
4.3.1 . Rheological Analysis 
To gain an understanding of the mechanical changes that occur when the EC/PGD gels are 
hydrated to varying levels, the dynamic viscoelastic functions of storage modulus, G', loss 
modulus, G", and damping factor tan  were recorded at ambient temperature (25°C) as a 
function of frequency of oscillation () within the frequency range of 0.1 to 100 rad/s. 
Materials were left to equilibrate for 15 min at the preset temperature on the plate of the 
rheometer and, upon measuring, exhibited weak gel properties, i.e. G'  > G" with 
considerable frequency dependence throughout the experimentally accessible range (Figures 
4.1(a) and (b)). Relatively moderate moisture additions to the system reduced slightly or 
created viscoelastic profiles that were comparable to the original non-aqueous EC/PGD gel. It 
was noticed, however, that the structural properties of gels containing in excess of 10% water 
were enhanced considerably with respect to the non-aqueous preparation. 
The next stage of our rheological study followed the changes in storage modulus and tan 
delta upon heating and subsequent cooling of the gels at a controlled rate of 1°C/min 
covering the temperature range between 25 and 90°C. Figures 4.2(a) and (b) reproduce the 
thermal profiles of gels with relatively low additions of water, which in terms of magnitude 
and temperature band follow the patterns of the anhydrous preparations. Thermal hysteresis 
between all cooling and heating scans is also prominent. Further introduction of water to the 
EC/PGD system creates thermal profiles of increased rigidity, with an extra step of structure 
formation being recorded on both storage modulus and tan delta traces at temperatures below 
35°C during cooling (Figures 4.2(c) and (d)). The possible reasons behind this behavior will 






















Figure 4.1. Frequency variation of shear storage modulus (a) and shear loss modulus (b)  of 
12% EC/PGD gel with varying amounts of moisture; 0% (●), 0.1% (◆), 0.5% (■),1% 













































































































Figure 4.2. Controlled heating and cooling at 1°C/min, as indicated by the arrows, of the 
shear storage modulus (a) and tan delta (b) for 12% EC/PGD gels having relatively low levels 
of moisture in comparison to the anhydrous gel [anhydrous gel (◆), 0.1% (), 0.5% (□), 
1% (◇) and 5% () water], and the shear storage modulus (c) and tan delta (d) for 12% 
EC/PGD gels having relatively high levels of moisture in comparison to the anhydrous gel 




































4.3.2 Thermal Analysis 
Observing the DSC profiles of preparations upon cooling and heating affords detailed 
consideration of the state of water in relation to distinct hydration levels of polymeric 
ingredients. Figure 4.3(a) reproduces ice formation peaks for 12% EC/PGD gels with 
considerable amounts of moisture in formulations. Exothermic water crystallization peaks 
occurred at temperatures well below 0°C, this thermal event was barely detected at 5% water, 
and was absent in gels with lower moisture contents or the anhydrous material. Several 
studies attribute the appearance of exothermic peaks at below-than-expected temperatures to 
supercooling of pure water (Zhang, Satoh, & Komiyama, 1989; Quinn, Hatakeyama, 
Takahsshi, & Hatakeyama, 1994). Commonly, two discrete exothermic peaks are reported, 
the first one from the phase transition of bulk water with the second peak appearing at lower 
temperature due to the presence of freezable bound water.  
During the cooling process of materials in Figure 4.3(a), we only observed a single peak, 
which returns to the baseline at around -25°C hence confirming that at lower temperatures a 
state of dynamic equilibrium has been reached.  A typical example of the melting endotherms 
and associated enthalpy changes observed from the thermograms of these gels is shown in 




























Figure 4.3. (a) Ice formation peaks observed during DSC cooling cycles for the 12% 
EC/PGD gel at water levels shown by the individual traces, and (b) DSC scans for 12% 
EC/PGD gel containing 30% water showing a single crystallization peak (top thermogram) 



























































Enthalpy values calculated from the surface area under the peaks were well below (in the 
order of 94 J/g) than for pure water (334 J/g), which indicates that these phenomena are not 
associated to free or bulk water. There should be considerable amounts of freezable bound 
water that do not form ice as a separate phase but, instead, interact with the gel components 
forming a single macroscopic entity. Molecules of water interact with polar functional groups 
on the polymer chain, like hydroxyl groups, which is a locally favourable configuration 
thereby being strong enough to prevent the water molecules from gathering together to form 
ice crystals (Faroongsarng, & Sukonrat, 2008; McCrystal, Ford, & Rajabi-Siahboomi, 1997; 
Zaman, Martin, Rees, & Royall, 2004). As a result, they exhibit a freezing point that is much 












Figure 4.4. Effect of water content (% w/w) on the melting enthalpy of 12% EC/PGD gels 




























In order to determine the level at which hydration in the gel is present only as non freezable 
bound water and, therefore, being undetectable by DSC, a well known thermal approach was 
utilised (Ford & Mitchell, 1995). In doing so, enthalpy values associated with the melting 
endotherms of the freezable bound water were plotted against the percentage water content in 
the 12% EC/PGD gels as depicted in Figure 4.4. The plot was extrapolated to zero enthalpy 
by linear regression indicating the concentration of water required in the anhydrous gel to 
fully hydrate the primary binding sites on the ethyl cellulosic polymer. Using this method, the 
percentage of water at zero enthalpy was found to be close to 2% (w/w). This result indicates 





H- NMR Spectra Analysis 
 
The mobility of water molecules within a polymeric matrix can also be investigated by 
2
H-
NMR, which has been shown to yield detailed molecular information about the time scale 
and geometry of rotational motions in polymers (Radloff, Boeffel, & Spiess, 1996). Figure 
4.5 (a – c) reproduces the variation in NMR spectra for 12% EC/PGD gels having 5% and 
10% D2O along with a 12% EC/D2O solution at 25°C and sub ambient temperatures, with -
10°C being the lowest experimentally accessible temperature. Samples in the NMR apparatus 
were cooled to the required temperature and equilibrated at that temperature for an hour 
before measurements were taken. In Figures 4.5(a) and 5(b), we notice a single Lorentzian 
peak throughout the experimental temperature range that NMR spectra were obtained. 
Appearance of this peak is an indication that deuterons are in fast exchange with the 
polymer/solvent environment being extremely mobile even at the lowest experimentally 
temperature of –10°C. In contrast, Figure 4.5(c) shows single Lorentzian peaks only at 25 and 
10°C. A barely detectable broad signal is observed at 5°C and no peaks are detected at lower 
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temperatures. In the 12% EC/D2O solution, most of the D2O molecules should exist as a bulk 
phase since the polymer used in this study has a high ethoxy content hence being insoluble in 
water. Since settings of the NMR spectrometer used are designed to detect liquid 
components, the lack of signal detection at 0°C and below is due to the loss of mobility in 
deuterons reflecting ice formation. Therefore, the high intensity spectra monitored in Figures 
4.5(a) and 4.5(b) indicate the presence of freezable bound water and reaffirm the conclusions 



















































Figure 4.5. A series of typical 
2
H-NMR spectra at different temperatures for 12% EC/PGD 















4.3.4 ATR FTIR Analysis 
One of the most important features of ATR experiments is the evanescent field, which 
develops during the reflection of radiation at the interface of the ATR crystal and the sample. 
Attenuation of this field by functional groups in the sample results in a spectrum analogous to 
an absorbed spectrum. Since the depth of sampling in the evanescent field is low, spectral 
information is obtained only from a few microns close to the ATR crystal, regardless of the 
overall thickness of the sample. Hence it is possible to obtain spectra from samples that have 
























































Figure 4.6. (A) ATR FTIR spectra for 12% EC/PGD gels having low moisture contents; a) 
0.1%, b) 0.5%, and c) 1.0%, and (B) ATR FTIR spectra for 12% EC/PGD gels with higher 
moisture contents in comparison to the original non-aqueous gel; a) 45%, b) 10%, c) 5% and 
d) for the anhydrous gel. 
 
 
Figures 4.6(a) and 4.6(b) reproduce ATR FTIR spectra obtained for the anhydrous 12% 
EC/PGD gel and in the presence of various moisture contents ranging from 0.1 to 45% in the 
system. We note a prominent peak around 1750 cm
-1
 for the anhydrous gel, which 
demonstrates certain esterification of the hydroxyl groups of the cellulosic polymer 
(Mohammed-Ziegler, Tanczos, Horvolgyi, & Agoston, 2008), with the ester groups being 
contributed by the PGD solvent. This peak disappears with gel hydration, but is 
complemented by the appearance of a peak around 3400 cm
-1
 indicating cellulose O-H 
vibration (Freire, Silvestre, Neto, Belgacem, & Gandini 2006). More specifically the 
vibrations in this range are an indication of O(2)H····O(6) intramolecular hydrogen bonding 



















in cellulose and certain cellulose derivatives (Hinterstoisser, Akerholm, & Salmen, 2003). 
This outcome allows us to suggest that in the presence of hydration, the dipole – dipole 
interaction between the solvent and the polymer is increasingly replaced by intra molecular 
hydrogen bonding, which would create a morphology of ethyl cellulose particles clumped 
together in a rather heterogeneous arrangement.  
An attempt can now be made to link infra red results with those discussed earlier from 
rheology and calorimetry. At moisture levels above 10%, intramolecular hydrogen bonding 
replaces the comparatively weaker dipole – dipole interactions between the hydroxyl groups 
of the polymer and the ester group of the solvent, thereby giving rise to stronger systems than 
the original anhydrous gel (seen in the frequency sweep data in Figure 4.1(a)). The clumping 
of ethyl cellulose particles is also reflected in the disappearance of the peak at 1100 cm
-1
 as 
the levels of moisture in the gel increase. This peak is due to stretching of the C-O-C linkage 
of ethyl cellulose and change or disappearance of the molecular event reflects alterations in 
the alignment of polymeric chains (Hinterstoisser, Akerholm, & Salmen, 2003). Another 
peak of importance seen in our spectra is in the range of 1600 to 1650 cm
-1
, and has been 
attributed to adsorbed water in the non crystalline regions of polymeric materials (Kizil, 
Irudayaraj, & Seetharaman, 2002). It is present in all samples except the anhydrous 
preparation, and overlaps with the strong 1700 cm
-1
 peak at moisture levels of 0.1 to 1.0%. 
This peak, being present in all hydrated samples and referring to water that is tightly bound to 
the polymeric backbone, should reflect non freezable water according to the DSC predictions 




4.3.5 Light Microscopy 
Results thus far (e.g. the appearance of a peak around 1650 cm
-1
 in infrared spectra) argue 
strongly that there exists molecular interaction between ethyl cellulose and the water 


























Figure 4.7. Light microscopy images of a gel comprising 12% EC, 73% PGD and 15% water 
at 25°C taken at a magnification of 50X. 
 
This type of arrangement should exist in micelle-like structures with polymer chains 
clustering up to protect the hydrophobic regions and expose hydrophilic sites to adjacent 
water molecules. Such phase morphology is visible in the light microscopy images shown in 
Figure 4.7. Added water appears to be in the form of discontinuous droplets within the 
continuous phase comprising the PGD solvent. Ethyl cellulose clusters interact with both the 









4.3.6 X-Ray Diffraction Patterns 
Considerable variation in the macromolecular arrangement of ethyl cellulose/propylene 
glycol dicaprylate systems upon hydration is also recorded using X-ray diffraction patterns. 
As depicted in Figure 4.8(a), EC powder has a cholesteric liquid crystalline arrangement 
indicated by the presence of the two peaks at 2θ (°) of 8.4 and 20.6 (Huang, Ge, Li & Hou, 
2007). These two peaks are present, albeit with reduced intensity, following addition of 
solvent to polymer. The anhydrous gel thus obtained maintains the crystalline arrangement of 
the EC chains. As shown in Figure 4.8(b), however, hydration of the gel results in 
disappearance of one molecular event. This constitutes a strong indication that the the liquid 




















































Figure 4.8. Wide angle X-ray diffraction patterns for (a) Ethyl cellulose powder and the non 
aqueous 12% EC/PGD gel, and (b) 12% EC/PGD gel with different levels of hydration 
shown in the inset. 
 
Reduction in crystalline nature of aggregates formed by the polymer is reflected in a singular 
peak whose intensity is well below the levels recorded for the EC powder and anhydrous gel. 
The intensity of the singular peak in Figure 4.8b tends to decrease with increasing moisture 
content, an outcome that further confirms the proposed structural transformation in the 































This study focused on the effect of introduction of an aqueous phase to preparations made of 
ethyl cellulose and propylene glycol dicaprylate. Such water-in-oil mixtures exhibited 
considerable variation in the structural properties, as compared to EC powders and anhydrous 
EC/PGD gels. Low levels of addition exist as non freezable water directly bound to 
polymeric sites in the gel. Further increase in hydration results in the state of freezable bound 
water, which exhibits supersaturated cooling transitions and heating endotherms with 
enthalpy content well below values expected from ice melting of bulk (free) water. Hydrated 
gels are formed with polymeric chains being clumped together in micellar structures that act 
as the stabiliser between water droplets and the continuous solvent phase. The gradual 
transformation from dominant EC-PGD interactions to polymeric intramolecular associations 
with increasing hydration levels reduces the cholesteric liquid crystalline structures found in 
the original anhydrous gel. A consequence of this alteration in macromolecular arrangement 
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EFFECT OF POLYMER MOLECULAR WEIGHT ON THE STRUCTURAL 




In this study, changes in the structural properties of EC/PGD systems intended for topical 
drug delivery with changes in polymer molecular weight was investigated. Previous studies 
show that polymer chain length plays a significant role in the mechanical and viscoelastic 
properties of this system. This compelled us to further investigate the effect of polymer chain 
length on gelation and thermal properties of the gel system. Experimental techniques used 
were small-deformation dynamic oscillation, infrared spectroscopy and wide angle X ray 
diffraction. The frequency sweep data of the heated gels show that the EC20, EC45 and 
EC100 gels show good rheological properties. The winters and chambon method was used to 
determine the gel point of the gels of different molecular weight and concentration. In 
addition, the critical exponent and the fractal dimension of the gels were determined. The 
critical exponent values were found to range between 0.45 to 0.38 whereas the df values were 
found to be consistent over the range of molecular weights tested and the value suggests the 
formation of a compact homogenous network. Material characterization by X ray diffraction 
studies and ATR FTIR reflected the changes in the gel structuring and bonding with changes 








The polymer based semi solid gel has been one of the most popular means of topical drug 
delivery. Hydrogels in particular have been widely utilized in the medical and pharmaceutical 
fields for their biocompatibility and similarity to natural tissue. However despite these wide 
spread applications, they fail to be a suitable delivery system for moisture sensitive drugs, 
since the presence of water in the drug delivery vehicle affects the chemical stability of these 
drugs (Chow, Chan & Heng, 2008; Bonacucina, Cespi, Misici-Falzi, & Palmieri, 2006).  
Previous results have demonstrated that a non aqueous formulation comprising of ethyl 
cellulose (EC) and a non volatile solvent, propylene glycol dicaprylate (PGD) can be a useful 
topical drug delivery system because of its ability to form a structured gel network with 
satisfactory rheological and mechanical properties (Heng, Chan, & Chow, 2005). The gelling 
mechanism of this EC/PGD system with respect to time and temperature was also studied in 
depth thus allowing us to conclude that time- temperature equivalence was active in the 
system as demonstrated in chapter 3. In addition, the effect of moisture on the system was 
also probed since the system is expected to come in contact with moisture during storage, 
production and application on the skin as highlighted in chapter 4. The results threw light on 
the rheological stability of the gel in an aqueous environment, the state of water in the gel as 
well as the specific interactions that took place between the polymer and water in the gel 
system. The effect of polymer molecular weight on the gel system is of considerable interest 
since it affects the rheological and mechanical properties of the gel system and ultimately its 
utility as a topical delivery system. In the study by Heng et al, 2005, it was concluded that the 
polymeric chain length and concentration of EC in the formulations influenced the 
continuous shear properties, viscoelasticity, and mechanical properties of the gels, with the 
chain length playing a more prominent role. These results propelled us to investigate further 
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into the effect of polymer molecular weight on the gel system with respect to temperature and 
gelation properties.   
Study on the effect of ethyl cellulose molecular weight on non aqueous gel properties is 
scarce in literature. One such study dealt with the influence of ethyl cellulose molecular 
weight on the properties of oleogels intended to be used as a lubricant grease formulated with 
castor oil and EC or EC/methyl cellulose blends. They concluded that the EC/Methyl 
cellulose blends show improved mechanical stability, which is enhanced by increasing EC 
molecular weight. However, temperature did not influence the relative elastic characteristics 
of these oleogels, nor their qualitative dependence on frequency (Sanchez, Franco, Delgado, 
Valencia, & Gallegos, 2011). 
In another study the effect of ethylcellulose on the stabilization of sucrose particles dispersed 
in vegetable fat was studied using rheological measurements. The effect of molecular weight 
and concentration of ethylcellulose in combination with lecithin on the fluidization of 
sucrose–fat suspension was investigated. They however concluded that the molecular weight 
had only a minor effect on the fluidifying properties of ethylcellulose within the molecular 
weight range tested (Do, Mitchell, Wolf, &Vieira, 2010). 
The current study focuses on the effect of EC molecular weight on the thermal and gelation 
properties of the EC/PGD gel. The gel point, determined by the observation of a frequency 
independent loss tangent, was noted with respect to the changes in EC molecular weight as 
well as polymer concentration and used to determine the viscoelastic exponent n. The 
implications of these observations with respect to the structure of the gels are discussed 





5.2. MATERIALS AND METHODS 
 
5.2.1. Materials 
The ethyl cellulose samples of different molecular weights employed in this study, Ethocel 
Std 100 FP Premium (EC100), Ethocel std 7  Premium (EC7), Ethocel std 10 FP Premium 
(EC10), Ethocel Std 20 Premium (EC20) and Ethocel Std 45 Premium (EC45) supplied by 
Dow Chemical, Midland, MI is water-insoluble, thermoplastic cellulose ether with a white 
powder appearance. The ethoxy content of the polymer is 48.0 to 49.5 % and the Mw values 
as specified by the supplier are listed in table 5.1. The non-aqueous solvent used presently is 
a hydrophobic diester derivative of propylene glycol and it is commercially available by 
Sasol GmbH, Witten, Germany. The solvent is a non-volatile neutral oil exhibiting viscosity 
of about 10 mPa.s at 20°C with caprylic acid and capric acid contents of 65-80 % and 20-35 
%, respectively (propylene glycol dicaprylate/dicaprate; Miglyol 840).  







Table 5.1. MW values of the different polymer grades used in the study. 
5.2.2. Gel preparation 
The gels of different polymer molecular weight were prepared by mixing ethyl cellulose with 
propylene glycol dicaprylate/dicaprate (PGD) using continuous stirring with a stirrer at 300 
rpm at ambient temperature for fifteen minutes. This lead to the formation of a homogeneous 
gel and air bubbles were removed by applying vacuum. All material concentrations are 




5.2.3. Rheological measurements 
Small deformation dynamic-oscillation measurements on shear were performed using AR-
G2, a rheometer with a magnetic thrust bearing technology for nano-torque control (TA 
Instruments, New Castle, DE). The analysis provides readings of the storage modulus on 
shear (G') which is the elastic component of the network, loss modulus (G"; viscous 
component) and complex dynamic viscosity (*). Variations with time and temperature can 
further be assessed as a measure of the ‘phase lag’  (tan  = G" / G') of the relative liquid-
like and solid-like structure of the material. Temperature control is achieved with a Peltier 
plate at a range between – 30 and 120ºC and accuracy of ± 0.1ºC. Experimental routines were 
carried out within the linear viscoelastic region (LVR) of the material, loaded onto the 
parallel plates of the measuring geometry (40 mm diameter; 2 mm gap).  
 
5.2.4. ATR-FTIR analysis 
ATR-FTIR spectra of the hydrated EC/PGD gel samples were obtained using a Perkin Elmer 
One
TM
 FTIR spectrometer equipped with MIRacle
TM
 ZnSe single reflection ATR plate 
(Perkin-Elmer, Norwalk, CT). The spectrum of each material was finalized after averaging 
200 scans between 4000 and 600 cm
-1
 with a resolution of 4 cm
-1
. This was corrected against 
the background spectrum of the solvent at ambient temperature. Data acquisition was 
facilitated by the Spectrum v5.0.1 Software of Perkin-Elmer. 
 
5.2.5.  X ray diffraction studies 
Wide-angle X-ray diffraction patterns of the hydrated EC/PGD gel samples were obtained 
using a SIEMENS D5005 X-Ray Diffractometer (Bruker AXS, Karlsruhe, Germany) 
equipped with Cu-Kα (1.54 Å) radiation. An accelerating voltage and current of 40 kV and 
40 mA, respectively, in combination with a scan rate of 0.8°C/min were employed. The 
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diffractograms were recorded in a 2θ range between 2° and 90°, and subsequently analysed 
using the Bruker Advanced X-Ray Solutions software, DIFFRAC
plus
 Evaluation (Eva), 
version 10.0 revision 1. 
5.3. RESULTS AND DISCUSSION 
 
5.3.1 Frequency dependence of the gels 
The frequency dependence of the storage and loss modulus of fresh 12% EC/PGD gels of 
different molecular weights at 25°C is shown in figure 5.1(a). We notice that in the case of 
the lower molecular weight gels (primarily EC7 and EC10 gels) the G" values are higher than 
the G' values and hence they are highly viscous solutions than a gel in their freshly prepared 
state. We see a transition from this state to that of a frequency dependent weak physical gel as 
the polymer molecular weight is increased from EC20 to EC45 to EC100, with EC100 
forming the strongest gels. This can be attributed to an increase in gel structuring with an 
increase in polymer chain length. However, the frequency sweep profile of these gels change 
once they are subjected to a heating and cooling regime where they are heated up to 90°C and 
cooled back to 25°C. As seen in figure 5.1(b), after thermal treatment, systems of all the 
tested molecular weights form gels with G’ being greater than G" at lower frequencies. The 
storage modulus values of the EC100, EC45 and EC20 gels are comparable, with EC45 gels 
exhibiting slightly higher values. The crossover of G" over G' occurs around 1 rad/s and 40 
rad/s in the case of the low molecular weight heated EC7 and EC10 gels respectively whereas 
in the case of EC20, EC45 and EC100 gels this occurs beyond 100 rad/s which is unlikely to 
be encountered under normal conditions of the gel usage. Hence heated EC20, EC45 and 
EC100 gels show good rheological properties for the intended use of the EC/PGD gels 


























Figure 5.1. Frequency variation of shear storage modulus (closed symbols) and shear loss 
modulus (open symbols) of (a) unheated  and (b) heated 12% EC/PGD gel with differing EC 





































5.3.2 Effect of thermal treatment on the gels 
In order to ascertain the changes that occurred in the gel systems with thermal treatment, the 
gels were subjected to an experimental routine that involved heating, cooling and an 
isothermal run repeated twice, similar to the experimental protocol used for EC100/PGD gels 
(Bruno, Kasapis, Chaudhary, Chow, Heng & Leong, 2011). As was the case reported for 
EC100/PGD gels in chapter 3, the first thermal profile was appreciably different from the rest 
in the case of EC7, EC10, EC20 and EC45/PGD gels in figure 5.2(a-d). In addition, the first 
thermal profile of these gels lacked a thermal hysteresis as opposed to the EC100/PGD gels. 
However the second and third thermal profiles of these gels like in the case of EC100/PGD 
require a 48 hour isothermal run for complete recovery. EC7/PGD and EC10/PGD systems 
show a tan δ >>1 during the entire course of the heating run of the first thermal cycle, with a 
small decrease in the Tan δ values around 75°C and 66°C respectively in figure 5.3(a) and 
5.3(b). This is reflected quite prominently in figure 5.2(a) and (b) as a sudden spike in the 
course of the G’ profile at these temperatures just before a drastic drop in the G’ values is 
observed during the heating run of the first thermal cycle. A similar phenomenon was 
observed in the EC20 and EC45/PGD gels at 55°C in both cases. However this was preceded 
by a rapid rise in the elastic modulus from 25°C to 55°C. This is due to the fact that the 
freshly prepared EC20/PGD and EC45/PGD are not near their equilibrium state at the given 
temperature as compared to the freshly prepared lower molecular weight (EC7 and EC10) 
solutions and EC100/PGD weak gels.  
In chapter 3, the thermal effects on the EC/PGD gel system were investigated where the high 
molecular weight EC100 was used for the gel preparation. We had concluded that time 
temperature equivalence was active for this particular system and that in the thermal profile 
of the gel, the gel–sol transition observed at temperatures above 65°C in Tan δ versus 
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temperature plot is associated with direct polymer–polymer hydrogen bonding featuring 6-
position hydroxyl groups. This explains the transition seen at 55°C for EC20/PGD gels and 
EC45/PGD gels. It also proves that the gel states of EC100/PGD gels are thermally more 
stable than their lower molecular weight counter parts. However since the EC7/PGD and 
EC10/PGD systems are not gels, the phenomenon noticed at 75°C and 66°C cannot be 
labeled as a gel sol transition, but the sudden increase in G’ can be due to direct polymer 
polymer hydrogen bonding featuring 6-position hydroxyl groups.  
In our previous work it was also stated that the second wave of structure formation which 
commences close to 35 °C as seen in figure 5.2 and 5.3 may involve an additional 
contribution from electrostatic interactions between carbonyl groups of the solvent and 
hydroxyl groups of the polymer. Since this is a universal theme in the gels of all the different 
molecular weights tested, it can be concluded only a change in the degree of substitution can 

































































































Figure 5.2. Elastic modulus obtained from controlled heating (closed symbols) and cooling 
(open symbols) at 1°C/min on (a)12%EC7/PGD gel, (b) 12%EC10/PGD gel, (c) 
12%EC20/PGD gel and (d)12%EC45/PGD gel; first temperature sweep (◆;◇), second 
temperature sweep following isothermal aging at 25°C for 48 h (■;□), and third temperature 

























































































































Figure 5.3. Tan delta values obtained from controlled heating (closed symbols) and cooling 
(open symbols) at 1°C/min on (a)12%EC7/PGD gel, (b) 12%EC10/PGD gel, (c) 
12%EC20/PGD gel and (d)12%EC45/PGD gel; first temperature sweep (◆;◇), second 
temperature sweep following isothermal aging at 25°C for 48 h (■;□), and third temperature 
sweep(▲;△) following another isothermal aging period at 25°C for 48 h. (frequency: 1 rad/s; 
strain: 0.5%). 
 
5.3.3 Determination of the critical gelation temperature 
Traditionally, the method used to determine the sol– gel transition point involved identifying 
the crossover of G’ and G", and this temperature or time point is used as the indication of the 
sol–gel transition point (Ferry, 1980). However, for our system, the gelation temperature 
identified by this method was found to be frequency dependent and thus not favorable. 
Therefore, in order to determine the critical gelation temperature (Tgel ) for the EC/PGD gels 
of different molecular weights, as well as different polymer concentrations a method 
proposed by Winter and Chambon,1985  was used. As per this method the critical gelation 






















obtained from a multi frequency plot of tan δ versus temperature or time. The frequency 
independent value of tan δ can be expressed as follows: 
 
Tan δ = G"/ G’ = tan (nπ/2)                            (Equation 5.1) 
 
Where n is the critical exponent and is a material parameter and is physically restricted to      
0 < n < 1. The phase angle between stress and strain, δ, is thus independent of frequency but 
proportional to the relaxation exponent. This criteria was initially developed for chemical 
gels, however it has been successfully applied to physical gels (TeNijenhuis & Winter, 1989; 
Cuvelier et al., 1990) as well. Figure 5.4(a-e) shows the multi frequency plot of tan δ versus 
temperature for 12% EC/PGD gels of different EC molecular weight. One can observe that 
all the curves in each figure passed through a common point at a certain temperature, which 
is defined as the gel point or critical gelation temperature (Tgel). This procedure was repeated 
for various polymer concentrations for all the different molecular weight gels tested in this 












































































































Figure 5.4. Tan delta as a function of temperature for (a) EC7/PGD gel (b) EC10/PGD gel 
(c)EC20/PGD gel (d) EC45/PGD gel and (e) EC100/PGD gel at different frequencies; 0.5 































The Tgel values of the lower molecular weight gels were comparable at any given 
concentration. It was also observed that the Tgel values of the different molecular weight gels 
did not change significantly with concentration with the exception of the highest 
concentrations tested (18% and 20%), where a sudden increase was noted in the case of EC45 











Table 5.2. The Tgel values for the EC/PGD gels of different molecular weights and 
concentrations 
 
From table 5.2 it is also evident that EC100 gels exhibited the highest gelling temperature at a 
given concentration. It can be explained as the higher is the concentration, at a given 
molecular weight, the collision probability of polymer chains is higher even at high 
temperature, thereby facilitating polymer network formation and at a fixed concentration the 
higher is the molecular weight, the chain is longer, thereby increasing the probability of 
polymer solvent interactions and thus network formation and gelation at higher temperature. 
Another interesting observation is the fact that the Tgel values of the 12%EC/PGD gels of 
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tan δ  values became less than unity in the cooling routine of the first thermal profile 
discussed in figure 5.3(a-d). This shows that at 35 °C the gel is in a non equilibrium pseudo 
state and requires further lowering of the temperature to achieve stable polymer solvent 
interactions and this stability is achieved by the higher polymer weight gels sooner or at 
higher temperatures.  
In figure 5.5(a-e) the dynamic storage and loss modulus are plotted against frequency for 
12%EC/PGD gels of different molecular weights at the critical gel point. At gel point, G’ and 
G" of each of the systems exhibit a power law behavior over the selected frequency range 
with G’ and G" profiles being parallel to each other. The power law followed at gel point is 
as follows: 
G’ (ω) ≈ G" (ω) ∞ ωn   (0 < n < 1)                                                (Equation 5.2) 
 
Where ω is the angular frequency and n is the critical /scaling exponent. 
This thus proves the applicability of the Winter- Chambon criterion (Chambon & Winter, 











































































































Figure 5. 5. The power law dependence of G’(●) and G” (○) with frequency at the critical 
gelation temperature for (a) EC7/PGD gel (b) EC10/PGD gel (c)EC20/PGD gel (d) 
EC45/PGD gel and (e) EC100/PGD gel. 
 
5.3.4 The relaxation exponent and fractal dimension of EC/PGD gels 
The value of Tan δ at the gel point can be used to calculate the relaxation exponent /scaling 
exponent of equation 5.2. We thus used equation 5.1 to arrive at the theoretical values of n for 
different concentrations of the gels with varying molecular weight. The gel point is 
characterized by the n value, with stiffer gels at the critical gel point usually having a small n 
value (0← n < 0.5) and a larger n (0.5< n → 1) corresponds to a softer and more fragile gel 
(Tan, Pan, & Pan, 2008). The n values calculated for the gels of different molecular weight 
were found to be within the range, 0.45 to 0.38. In general, in the case of physical gels, the n 
values reported are relatively high like in the case of gelatin gel; n = 0.69 (Hsu, & Jamieson, 
1993), calcium pectate where n= 0.72 (Axelos, & Kolb, 1990), physically cross linked PVC 
plastisol system; n = 0.8 (Te Nijenhuis &Winter, 1989). Low values of n were also reported 
for physical gels like crystallizing poly propylene (n= 0.2), where it was argued that the low 

















them similar to  permanent chemical crosslinks (Lin, Mallin, Chien, & Winter, 1991). 
Similarly n = 0.4 was determined for lentinan physical gels and this was attributed to the fact 
that the extremely entangled triple helix polymer chains make a continuous stiff network 
(Zhang, Xu, Xu, & Zhang, 2007). The reason why the calculated n values for the EC/PGD 
gels is lower than the case for most physical gels is not clear. Further, the n values for the 
higher molecular weight gels, (EC100 and EC45) is higher (n = 0.45) than the n values (n = 
0.38) of EC10 and EC20 gels. The reason behind this odd trend is also not clear since 














Figure 5.6. Effect of polymer concentration on the viscoelastic relaxation exponent n (closed 
symbols) and fractal dimension df  (open symbols) for gels of differing molecular weight; 
EC7/PGD gel (*;×),  EC10/PGD gel (●;○), EC20/PGD gel (▲;△), EC45/PGD gel (■;□) and 
























As seen in figure 5.6 the n values do not change significantly with changes in polymer 
concentration, for a fixed polymer molecular weight though generally a small drop in n 
values is noticed at 18% and 20% EC concentration. It has been reported that an increase in 
the cross linking density can cause a decrease in the n value (Li & Aoki, 1998). Hence the 
lower n values at the higher concentrations can be attributed to the relatively high density of 
physical interactions within the polymer system. 
A model establishing the relationship between n and the fractal morphology of the critical gel 
network was developed by Muthukumar. The structure of the network at gel point is 
represented by a fractal dimension df, which is defined by R
df
 ≈ M, where R is the radius of 
gyration and M is the mass of a molecular cluster. If the excluded volume effect is fully 
screened, the relationship between n and df can be expressed as follows: 
 
n = [d(d + 2 – 2df)]/[2(d + 2 – df)]                             (Equation 5.3) 
 
where d (d = 3) is the spatial dimension. 
From this equation, all values of the relaxation exponent 0 < n < 1 are possible for a fractal in 
the physically realizable domain 1≤ df  ≥ 3.  
The values of the fractal dimension df obtained for the EC/PGD gels of different molecular 
weights and concentrations is shown in figure 5.6. The values calculated do not change 
significantly with molecular weight and concentration. The fractal dimension represents the 
compactness of particles within a cluster. The high values of df suggest the formation of 
rather compact homogenous network structure (Shen, Wan, & Gao, 2010 ; Nystrom, 





5.3.5 X ray diffraction studies of the different molecular weight gels 
In order to further characterize the EC/PGD gels of differing polymer molecular weight, the 
XRD patterns of these gels were recorded. Polymer chains consisting of alternating 
sequences of rigid and flexible units may exhibit liquid crystallinity if the rigid sequences are 
sufficiently long as in the case of cellulose and cellulose derivatives in which the dominant 
source of flexibility arises from pseudorotation of an occasional sugar ring, causing the O--C 
and C--O bonds pendant to the aberrant ring to adopt transverse directions (Flory, 1984). 
As can be seen from figure 5.7(a), the EC powders of all the different molecular weights 
show 2 peaks around 2θ angles 8.1 and 20.6 and are representative of cholesteric liquid 
crystallinity (Huang, Ge, Li, & Hou, 2007). However we notice some changes upon the 
addition of the solvent as seen in figure 5.7(b). The freshly prepared 12%EC/PGD gels of 
EC7, EC10 and EC20 show only a single peak at around 2θ angle 20.18. In the case of EC45 
a barely developed second peak can be seen around 2θ angle 7.14. Only in the case of 
EC100/PGD gels two fully developed peaks can be seen. In other words, only the highest 
molecular weight polymer gel was able to maintain the cholesteric liquid crystalline nature 
with the addition of the solvent. There have been a few studies on the effect of polymer 
weight on cholesteric liquid crystallinity. In one such study, concentrated solutions of 
cellulose acetate in trifluoroacetic acid were found to be cholesteric liquid crystals. From 
circular dichroism studies they concluded that under the same conditions of temperature and 
polymer concentration by weights the solutions of the higher molecular weight polymer are 
presumably more highly ordered (Sixou, Lematre, Ten Bosch, Gilli, & Dayan, 1983). A 
second study dealing with the change in pitch of a cholesteric liquid crystal with changes in 
polymer molecular weight also shows that solutions of higher polymer molecular weight are 
more highly ordered (Hara, Satoh, Toya, Iida, & Orii, 1988). This probably explains why 
only EC100 is able to maintain cholesteric liquid crystalline behavior even with the addition 
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of the solvent. Since they are more highly ordered, they are not easily disrupted with solvent 
addition compared to its lower molecular weight counter parts.  
However, the gels which were subjected to thermal treatment gave surprising results. A look 
at figure 5.7 (c) will confirm that upon thermal treatment all the gels have the two peaks 
which is characteristic of cholesteric liquid crystallinity. In effect thermal treatment enabled 
the polymer chains of even lower molecular weight to form ordered structures. This could 
possibly be due to greater interaction with the solvent which helps stabilize the polymer 
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Figure 5.7. Wide angle X ray diffraction patterns for (a) Ethyl cellulose powder of different 
molecular weight  (b) fresh 12% EC/PGD gel of different polymer molecular weight (c) 12% 







5.3.6 ATR FTIR studies 
The ATR FTIR spectra for the unheated gels are shown in figure 5.8(a). As can be seen from 
the spectra, the peak at 1720 cm
-1
 which represents the ester carbonyl group is only faintly 
seen in all the unheated gels but is relatively stronger and hence detected in the case of the 
EC100/PGD gels. This is indicative of interactions taking place between the polymer and 
ester groups of the solvent in the higher molecular weight gel even prior to heat treatment 
since this peak appears in the other gels only after heat treatment as seen in figure 5.8(b). 
This thus explains the molecular basis for the higher gel strength seen rheologically for non 
heated EC100/PGD gels. 




































































































Figure 5.8. ATR FTIR  spectrum of (a) freshly made 12% gels of differing polymer 





In this study, the effect of changes in the polymer molecular weight on the structural and 
thermal properties of the EC/PGD systems was studied. The frequency sweep data of the 
unheated and heated gels are vastly different with all the heated gels showing weak physical 
gel like characteristics with G’>G” whereas this is the case only in EC20, EC45 and EC100 
unheated gels. When the gels were subjected to an experimental routine that involved 
heating, cooling and an isothermal run repeated twice, only EC100 gels show a thermal 
hysteresis during the first cycle. The second wave of structure formation which commences 
close to 35 °C is due to an additional contribution from electrostatic interactions between 




theme in the gels of all the different molecular weights tested, it can be concluded only a 
change in the degree of substitution can affect the particular rheological transition observed. 
The Tgel values for the gels of different molecular weight was determined using the winter 
chambon method. Further, the Tan δ values at gel point were used to determine the relaxation 
exponent of the gels which were within the range, 0.45 to 0.38 and these values were 
significantly lower than those values usually reported for physical gels and the exact reason 
for this is not clear. The df values calculated for the gels were found to be consistent for all 
the different molecular weight and polymer concentrations tested and the df values reflect a 
homogenous compact network structure for EC/PGD gels. Changes in the liquid crystalline 
arrangement of the polymer with and without thermal treatment with changes in polymer 
molecular weight was successfully detected using X ray diffraction and the ATR FTIR 
studies were able to throw light on why the unheated EC100/PGD gels were stronger than the 
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CONCLUSIONS AND FUTURE WORK 
 
The work presented in this thesis dealt with the effect of various parameters (time, 
temperature, moisture, polymer molecular weight and concentration) on the structural 
properties of a non aqueous gel comprising of ethyl cellulose and propylene glycol 
dicaprylate. From the first section which dealt with the effect of time and temperature we can 
conclude the system exhibits time temperature equivalence with the gel exhibiting rubbery 
state behaviour even at sub ambient temperatures. In addition, we see that the system gels 
through a mechanism involving structural disintegration of the polymeric particles with the 
released polymeric strands forming specific polymer-solvent interactions to form a three-
dimensional structure simultaneously. This is in contrast to the molecular mechanisms that 
are involved in hydrophobic thermogelation of ethyl cellulose/water systems reported in 
literature. Hence this should be of critical importance in elucidating the functional properties 
of non aqueous gel systems. With the introduction of moisture to the gels, we noticed a 
considerable change in its structural properties when compared to the anhydrous gel. These 
hydrated gels are formed when the polymeric chains clump together and form micellar 
structures which stabilise the oil- in- water system. This alteration in macromolecular 
arrangement was found to be directly responsible for the increase in gel strength in the 
hydrated systems. An investigation into the state of water in these gels revealed that water in 
gels with low levels of moisture existed solely as non freezable bound water, directly bound 
to the polymeric sites in the gel.  
The last part of our investigation develops a quantitative relationship between concentration 
or molecular weight and viscoelastic properties of ethyl cellulose in the presence of the non 
aqueous solvent of propylene glycol dicaprylate. As seen in the EC100 gels, mixing the 
polymer with propylene glycol dicaprylate yielded gels at ambient temperature that revert to 
124 
 
the solution state with increasing temperature. This is a universal theme in viscoelasticity 
regardless of polymer concentration and molecular weight. Network formation was 
rationalized by proposing specific polymer–polymer hydrogen bonding, which is further 
supported by additional contributions from electrostatic interactions between carbonyl groups 
of the solvent and hydroxyl groups of the polymer. Theoretical modeling argues that high 
molecular weight materials experience elevated gelation temperatures due to an increase in 
the probability of collision and effective association of polymer chains leading to infinite 
“subtree” linkages according to the network connectivity theory. Material parameters 
reflecting the viscoelastic relaxation exponent and fractal dimension of structured assemblies 
were also derived. These indicate that polymer concentration or molecular weight, within the 
experimentally available range, did not affect the structure of EC/PGD gels, which were 
found to form relatively stiff and compact networks. From an applications viewpoint in 
the pharmaceutical industry, identifying the fundamental structural characteristics of these 
systems ushers in an opportunity for innovation in topical drug delivery. 
 
Future studies relating to this project can focus on the drug release characteristics of the gel 
system for a variety of moisture sensitive drugs which currently faces issues such as poor 
drug availability, stability and systemic toxicity. These studies can also be further extended to 
include in vivo testing as well. 
Currently the gel system has been proven to be an effective carrier for the moisture sensitive 
drug Minocycline Hydrochloride which has anti bacterial activity (Chow, 2006). The study 
with this drug can be further extended by in vivo studies on the release and efficacy of the 
drug using an acne  induced animal model. The in vivo tests will further validate the clinical 
potential of the EC/PGD non aqueous system. 
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Further, the in depth study presented in this thesis can be further validated using other 
techniques, especially temperature controlled FTIR studies which can provide an excellent 
insight into the responses of the gel to changes in temperature at the molecular level. These 
studies can also help pinpoint the exact temperatures at which molecular interactions change 
or take place with respect to temperature.  
Part of the study in this thesis focused on the effect of moisture on the EC/PGD system using 
only the EC100 grade. This part of the study can be extended to include the other EC grades 
available. This would help determine if the polymer molecular weight plays a role in the 
extent of hydration possible without phase separation occurring in the system.  
The study of the state of water using 
2
H NMR in this work was restricted by experimental 
apparatus, where the lowest possible temperature was only -10 C. Future studies where the 
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